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PREFACE TO ORIGINAL EDITION 


HIS BOOK was written mainly at Iowa State College; it was com- 

pleted at Cornell University. Based on nearly fifteen years of ex- 
perience in the field of animal physiology, it represents an attempt to 
provide students of veterinary medicine with a suitable textbook for 
their courses in physiology. I believe also, on the basis of experience, 
that much of the book will be useful to students of animal husbandry. 
Furthermore, I venture the opinion that practitioners of veterinary 
medicine who wish to keep up with the trend in physiology will find 
the book helpful. 

Because our knowledge of the physiology of the large domestic 
animals still presents so many gaps, the writer of a textbook of this 
kind is compelled to draw freely on the knowledge derived from re- 
searches made on the laboratory mammals. But this necessity is not 
altogether unfortunate, for most of these animals are also domestic 
animals, and several of them are from the standpoint of economic 
veterinary medicine of great importance. 

Each part is followed by a list of references, which is in most in- 
stances brief. Reference to articles in these lists is made by authors’ 
names in the text. Facility of reference—rather than considerations of 
priority and recognition for work done, important as these may be— 
is the reason for the inclusion of authors’ names in the text. The refer- 
ences are intended to serve two main purposes. They give the authority 
for certain statements and the source of certain data, and they afford 
an entry into the literature of many of the topics discussed in the text. 
In the latter connection, the student should be urged to acquire early in 
his course the habit of looking beyond the textbook to authoritative 
monographs and reviews and to original papers, wherein will be found 
the real stores of physiological knowledge. 

The illustrations taken from other works are separately acknowl- 
edged in the legends accompanying the figures. I take this opportunity 
to thank those publishers, editors, and authors who permitted the use 
of these illustrations. Most of the original drawings were made by Mr. 
Jerome ©. Miller. 

Many persons have, in one way or another, aided in and contributed 
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to the preparation and completion of this work, and to these I express 
my thanks. I wish here to mention and thank the following: Dr. C. H. 
Stange, for constant support and encouragement; Dr. W. A. Hagan, for 
making it possible for me to complete the manuscript after my re- | 
moval to Ithaca; Drs. Charles Murray, H. D. Bergman, and E. A. 
Hewitt, for many helpful suggestions and constructive criticisms and 
for reading the manuscript; Drs. G. W. McNutt and C. E. Hayden, for 
reading the manuscript; Drs. W. C. Alvarez, V. E. Nelson, N. G. Cov- 
ington, and J. Hammond, for reading the Parts on Digestion and Ab- 
sorption, Metabolism and Heat Regulation, Endocrine Organs, and 
Reproduction, respectively; Dr. L. H. Schwarte, for the photographic 
reproduction of many of the original figures; Miss Margaret Sloss, for 
the photographs from which Figs. 89, 92, 93, 94, 95, 119, 126, and 
201 were reproduced; Dr. E. B. Forbes, for the photograph from which 
Fig. 135 was reproduced; Dr. W. T. Oglesby, for making the tracings 
from which Figs. 37, 160, 161, and 162+ were reproduced; and Misses 
Mary Petty, Betty Fish, and Bessie McEown, for their faithfulness in 
making the typescripts. 
. H. H. Duxes 
Iraca, New YORK . . 
August, 1933 o eo, À 
1 These and the foregoing figure numbers refer to the lithoprinted editions. 


ECAUSE of the continuous research activity in practically all fields 

of physiology and because of the time which has elapsed since the 

appearance of the sixth edition, extensive revision of the book was re- 

quired. It is pleasant to report that it has been possible to devote most 

of the revision effort to the growth and progress of the science. The 

amount of material in the book that required attention because it had 
proved in time to be erroneous was small. 

All parts of the book have come under careful scrutiny, and many 
revisions have been made. These include a restatement, in the interest 
of greater clarity and precision, of some of the earlier topics. In several 
places the text material has been rearranged. 

Following are some of the subjects, among others, that have under- 
gone revision: blood and hematological data; electrical changes of the 
heart and the electrocardiogram; heart rates; ventricular fibrillation; 
effects of ions on the heart; blood pressure; respiratory patterns, cycles, 
volumes, and regulation; physiology of the equine and ruminant stom- 
achs; renal clearances; temperature regulation, especially in cattle; 
minerals and vitamins; certain aspects of the physiology of muscle and 
nerve; spinal cord and brain-stem, including decerebrate rigidity; and 
neurohumoral transmission. 

New features of the book are a part on “Intermediary Metabolism” 
by Dr. J. A. Dye (who contributed so much to the revision of these 
chapters in the sixth edition), a chapter on “Water, Electrolytes, and 
Acid-Base Balance” by Dr. M. R. Kare, and an appendix on “Lecture 
Demonstrations in Physiology.” Special attention is invited to these 
additions. 

Dr. Hewitt, Dr. Sumner, and Dr. Asdell continued responsibility for 
their portions of the book. The section on “Physiological Oxidations” by 
Dr. Sumner was considerably enlarged. 

The number of illustrations has been increased from 184 to 238. 
Sixty-three of the illustrations are new to the book. 

In the parts of the book for which I am responsible, references new 
to this edition have been placed at the end of the previous reference 
lists under the heading “Additional References.” The titles of the cita- 
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tions are given. This will greatly increase the usefulness of the refer- 
ences, Many of the new references are cited in the text but some are 
not. Most of the earlier references have been retained but some have. 
been deleted. When looking for a reference cited in the text, the reader- 
may have to consult both reference lists. 

As in the previous editions, many persons have in one way or an- 
other aided in and contributed to the preparation of this edition. All 
these people have my warm appreciation. I wish to mention and thank 
the following: my wife, for patience and unfailing support during the - 
many inonths of work connected with the revision, as well as for in- 
estimable aid in proofreading and index making; Dr. A. D. Rankin, for 
reading the manuscript and making valuable suggestions; Dr. Jesse 
Sampson, for revising the table on “Chemica! Constituents of the Blood”; 
Dr. L. C. Payne, for helpful suggestions and constructive criticisms; 
Dr. L. P. Phaneuf, for the translation of several articles from the French; 
Dr. L. L. Nangeroni, assisted by Mr. R. W. Cook, for making the photo- 
graphs for a number of the figures; Mrs. Edith Smith, for typing parts 
of the manuscript; Mrs. Marjorie Cook, for typing and for assistance in 
reading the proof; numerous people in many countries, for sending re- 
prints; authors, editors, and publishers, for permission to reproduce 
figures; and the publishers and their staff, for courtesy and co-operation 
throughout the work of the new edition. 

The writer of a book of this kind obviously owes a great debt to the 
authors of original papers. It is again a pleasure to acknowledge the 
help derived from books, monographs, and review articles in the prep- 
aration of this edition. 

The revision has resulted in a considerable increase in the size of the 
book. In the main this will be an advantage to users of the book, for 
there were a number of places where some expansion was desirable. 

Notwithstanding the numerous changes incident to this edition, the 
purposes for which the book was originally written remain the same. 

H. H. Duress. 
Iraca, New York l 
March, 1955 E = 
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PART I 
Introductory; The Circulating 
Fluids of the Body 


Chapter 1 


PHYSICOCHEMICAL BASIS OF 
PHYSIOLOGICAL PHENOMENA 


By E. A. HEWITT 


NE of the pre-eminent duties of the physiologist is to ascertam 
to what extent the known laws of chemistry and physics can be 
called upon to aid in the explanation of vital phenomena, He draws 
upon these sciences to obtain the necessary fundamental knowledge for 
the interpretation of the various mechanisms that operate in the living 
organism. The applications of chemistry and physics to physiology are 
thus made available to the clinician for the study and treatment of 
disease. Many of the most important advances in physiological knowl- 
edge have been made by the discovery of the application of some 
chemical or physical law or by the improvement and advance in the 
understanding of such a law. 

Material alterations of the living cell and transformations of energy 
are involved with every vital phenomenon. The chemical energy con- 
tained in the food represents the ultimate source of the energies evolved 
by the animal organism. In metabolism the changes that occur follow 
the universal law that neither matter nor energy is created or de- 
stroyed. The living organism may be considered as a system for the 
conversion of one form of energy into another. The organism is able 
to convert the chemical energy of food into other forms of energy such 
as heat, mechanical work, light, and electricity; or the food may be 
used in the production of other substances possessing potential energy. 

From the viewpoint of the physicochemist the cell consists of a 
liquid protoplasm representing colloidal material and containing vari- 
ous crystalloids, The periphery of the cell may be considered to be 
altered in such a way as to serve the purpose of an envelope, selectively 
permeable in character. The contents of the cell may be considered to 
be in equilibrium, which may be readily altered by various influences 
acting upon the cell. The resulting changes may manifest themselves 
outwardly by an alteration in the shape and volume of the cell, as in 
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movement and growth, or by an extrusion of some of its contents, as in 
secretion. There may also be a propagation, to other parts of the cell 
or its processes, of the state of disturbed equilibrium, as in the conduc- 
tion of nerve impulses. Besides these activities, purely chemical changes 
go on in the cell, such as the breakdown and oxidation of certain com- 
plex, unstable organic materials or the building up of complex sub- 
stances. The seat of these changes is the cell protoplasm. Foodstuffs 
must first be dissolved before they can be transported to the cells for 
assimilation. In the cell these chemical changes are capable of being 
governed to a remarkable degree so as to lead to the formation of 
products that may serve some purpose of the parent cell or that may ' 
be transported by the blood and influence cells in other parts of the 
body. Certain chemical changes that occur in the laboratory with diffi- 
culty or only under special circumstances may proceed in the cell with 
apparent ease. The agents responsible for these changes in the cell are 
enzymes. Their activities are markedly influenced by changes in the - 
environment in which they are acting. 

In many cases these changes can be explained in terms of known 
physicochemical laws, but in some instances the changes appear to 
depend upon influences that are as yet unknown physicochemically, 


for example, the changes that can be produced in the cell as a result .. 


of a nerve impulse. 


ENERGY OF MOLECULES IN SOLUTION 


Many of the problems of physiology involve, to a greater or less 
extent, the application of the physicochemical laws that govern the 
behavior of molecules in solution, Energies with which the physiologist 
has to deal are dependent upon the energy of molecules in motion. It 
is therefore important to study the nature of this energy and the 
methods by which it may be determined or measured. 

A solution may be defined as a homogeneous mixture that cannot be 
separated into its constituent parts by mechanical means. Since many 
properties of solutions are directly proportional to concentration and 
to absolute temperature, the constants of the gas laws can be applied to 
solutes. Therefore a study of the gas laws will help one to understand 
not only the nature of solutions but also the control of the reaction in 
the body fluids. The three chief gas laws are as follows: (1) A quantity 
of any gas equal to its molecular weight in grams (a gram molecule or 
mole) will occupy exactly 22.4 liters at a temperature of 0°C. and a ` 
pressure of 760 mm. Hg. (2) The volume of a gas is inversely pro- 
portional to the pressure sustained by it at a constant temperature 
(Boyle’s law). (3) The volume of a gas under constant pressure varies 
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directly as the absolute temperature; that is, all gases expanded by 
1/273 part of their volume at 0°C, for every degree centrigrade that 
the temperature is raised (Charles’ law). Therefore at 273°C. the 
volume of a gas would be just double what the volume would be at 
0°C. provided the pressure remained constant. , 

Filtration. This process, a very common laboratory procedure, may 
be defined as the passage of a liquid through a membrane due to a dif- 
ference in hydrostatic pressure on the two sides of the membrane. 

Diffusion. The molecules of substances in solution behave, within 
the limits of the solution, in a manner very similar to the free molecules 
of a gas. Thus if two miscible liquids are left in contact with each 
other, they will of themselves begin to mingle at once, and they will 
continue to do so until they form one homogeneous liquid throughout. 
For example, if a solution of copper sulfate is placed in the bottom of 
a jar and carefully covered with distilled water, so that the line of | 
demarcation is well defined, and if the jar is left undisturbed, in a few 
days the blue color of the copper sulfate will have risen into the clear 
water above and the line of demarcation between the liquids will no 
longer be sharp; the two liquids will tend to become uniform in color. 
This process is called diffusion, and it resembles the related phenomenon 
in gases, although its progress in liquids is very slow. The process of 
diffusion is ascribed to a continuous movement of the dissolved mole- 
cules. Any solute will diffuse from a region of high concentration (high 
energy content) to a region of low concentration (lower energy con- 
tent). The speed at which a given solution will diffuse through the pure 
solvent depends upon the nature of the solute and of the solvent and 
upon the temperature, and is proportional to the strength of the solu- 
tion. Diffusion, then, may be defined as the spreading of a substance 
within another substance due to the motion of the molecules. 

Diffusion through Membranes: Osmosis. As stated above, if 
two solutions of different strengths are brought into contact, a condi- 
tion of separation cannot in general be maintained. A movement of the 
dissolved substances sets in from the concentrated to the dilute solu- 
tion and continues until they are uniformly distributed throughout 
the liquid. Since the molecules possess mass and are endowed with 
velocity, they can exert a pressure on any membrane or dividing surface 
that tends to hinder their free passage within the limits of the solvent. 
Therefore if the solution is inclosed in a vessel fitted with a manometer 
and provided with a bottom of some porous substance, such as 
parchment or animal membrane, and the whole is immersed in pure 
water, an increased pressure will be established within the vessel. The 
porous membrane allows none, or very few, of the molecules of the 
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dissolved substances to pass through, although it allows the solvent to 
enter freely. As a result the solvent crowds in through the membrane 
and creates an internal pressure, as shown by a rise of the liquid in the 
manometer. This crowding in of the solvent continues until the internal 
pressure reaches a definite value, depending upon the strength of the 
solution. After this the tendency of the molecules of the solvent to enter 
the vessel seems to be balanced by the internal pressure, and equi- 
librium ensues. In other words, the internal pressure become great 
enough to force water out at a rate equal to that at which it enters. 

This unequal diffusion through porous septa is called osmosis, and 
those membranes that will allow only water to pass through are termed 
semipermeable membranes. Osmosis may be defined as the passage 
of a liquid through a membrane due to differences in the concentration 
of particles on the two sides of the membrane. 

Osmotic Pressure. The pressure required to just prevent the enter- 
` ing of the pure solvent into the solution through a strictly semiperme- 
able membrane is called the osmotic pressure of the substance, at the 
particular temperature and concentration. Experiment shows that the 
osmotic pressure exerted by a solute in a given volume of solvent is 
the same as the pressure that it would exert if confined as a gas to the 
same volume at the same temperature; that is, one gram molecule dis- 
solved in 22.4 liters would have an osmotic pressure of one atmosphere. 
Equal volumes of gases under the same conditions of temperature and 
pressure contain the same number of molecules. Thus 22.4 liters of 
hydrogen gas at a temperature of 0°C. and a pressure of 760 mm. Hg 
weigh 2.016 grams, the molecular weight of hydrogen; and, conversely, 
if at 0°C. 22.4 liters of hydrogen gas weigh 2.016 grams, the gas must 
be under a pressure of one atmosphere, or 760 mm. Hg. Therefore if at 
0°C. one liter of hydrogen gas weighs 2.016 grams, it must be under a 
pressure of 760 X 22.4 = 17,024 mm. Hg, or 22.4 atmospheres. Take a 
substance such as dextrose, having a molecular weight of 180.096, or 
cane sugar, having a molecular weight of 342.176, and dissolve its 
molecular weight in grams in one liter of distilled water. This is a molar 
solution and the osmotic pressure of such a solution would be 17,024 
mm. Hg, or 22.4 atmospheres. It is impossible, however, by using a 
parchment membrane to demonstrate the full osmotic pressure exerted 
by the sugar molecules, since the parchment membrane is not imper- 
meable to sugar molecules. 

Tf one takes a sugar solution confined in a cylinder and covers it 
with a layer of distilled water, the movements of the sugar molecules 
will cause them to migrate from the layer of sugar solution to the 
water above, and this process of diffusion will cease only when. the con- 
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centration has become uniform throughout. However, if one could 
imagine the sugar solution as being separated from the distilled water 
by a semipermeable membrane in the form of a piston, the solution 
would now exert a pressure on the piston similar to that exerted on the 
walls of the containing vessel and would cause the piston to move 
upward. The force which would have to be applied to the piston to pre- 
vent its upward movement would be the measure of the osmotic pres- 
sure in the solution. Since force must be applied to the piston in order to 
prevent its upward movement, work is performed in the process. If the 
piston is pushed down with a greater force, the sugar alone is concen- 
trated, for the piston is permeable to water, which can pass freely 
through the piston. The concentration of any solution involves the 
performance of an amount of work determined by the increase in the 
osmotic pressure of the solution. The osmotic pressure of a solution 
therefore represents a certain amount of potential energy. 

Osmotic pressure is intimately related to the translocation of fluids 
in the living cells of plant or animal tissues. 

Measurement of Osmotic Pressure. Because of the difficulty of ob- 
taining a semipermeable membrane, direct measurements of osmotic 
pressure are seldom made. But it has been found that the osmotic pres- 
sure can be measured indirectly by various means. 

1. Changes in cell volume. Solutions that have the same osmotic 
pressure are spoken of as isosmotic or isotonic. No completely semi- 
permeable membrane is known, but many animal and vegetable proto- 
plasmic membranes, for example, the envelope of the red blood cell, 
probably approach semipermeability. The envelopes of such cells may 
be considered as closed elastic sacs. If such cells are placed in solutions, 
the sac will swell when it contains a stronger solution than that on the 
outside, and it will crenate, or shrink, when it contains a weaker solu- 
tion. Thus if a saline solution is added to a sample of blood and the 
corpuscles are examined under the microscope, they will be seen to 
shrink if the saline has a greater osmotic pressure or to increase in 
size if the saline has a less osmotic pressure. If no change in the cells 
occurs, the osmotic pressure of the cell contents must be equal to that 
of the saline solution in which the cells are immersed. Thus the magni- 
tude of the osmotic pressure of the cells can be determined if the 
strength of the saline solution is known. 

Instead of measuring the individual cells under the microscope, one 
may determine, by means of a hematocrit the space that they occupy in 
the suspending fluid, or the ratio of the volume of cells to the volume 
of fluid. Having found the volume of the cells suspended in an 
isotonic solution, such as blood cells in blood plasma, one then deter- 
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mines the volume of the same cells suspended in the unknown solution. 
If the cells occupy a greater volume, the unknown solution must have 
an osmotic pressure lower than that of the plasma in approximate pro- 
portion to the readings on a hematocrit in the two cases, and the 
reverse also holds. 

2. Hemolysis. Another method of determining the relative osmotic 
pressure of different solutions, provided they do not alter the per- 
meability of the corpuscular envelope, is to add a drop of blood to a 
series of test tubes containing solutions of different strengths and, 
after allowing the tubes to stand awhile, to observe in which of the 
tubes hemolysis of the red ‘cells occurs. In solutions possessing an 
osmotic pressure somewhat lower than that of the blood corpuscles, the 
latter will become hemolyzed and the hemoglobin will escape into the 
supernatant fluid, which will be tinged with red. If the osmotic pressure 
is the same as, or greater than, that of the cells, they will tend to settle 
to the bottom, and the supernatant fluid will be untingeu with hemo- 
globin. For a further discussion of hemolysis, see Chapter II. 

3. Plasmolysis. A somewhat similar means of measuring osmotic 
pressure is the plasmolytic method, in which the behavior of certain 
plant cells is observed microscopically while they are in contact with 
solutions of different strengths. In this method the plant tissue is sec- 
tioned so as to be only a few cells in thickness, and these sections are 
then placed in a graded series of solutions. When the surrounding 
solution is isotonic with the cell contents, the latter fill the cell; but 
when the solution is hypertonic, the cell contents become detached 
from the cell wall at one or more places, This method can be used only 
for detecting solutions that are hypertonic, for with those that are 
hypotonic the cells merely become more turgid and exert more pressure 
on the cell wall. 

4. The freezing-point method. Equal volumes of gases under the 
same conditions of temperature and pressure have the same number 
of molecules, which means that every molecule must exert the same 
amount of pressure. Therefore equimolecular solutions of nonelectro- 
lytes, the solutes of which do not appear in the gaseous phase, have 
the same osmotic pressure. Since the osmotic pressure of a solution 
depends upon the number of particles it contains per unit of space, any 
method that will determine the molecular concentration will also de- 
termine the osmotic pressure. Lowering of the freezing point varies 
with the number of particles in solution. A molar solution of a non- 
volatile, nonelectrolytic substance in water lowers the freezing point 
about 1.86°C., which is known as the freezing-point constant. (The 
lowering of the freezing point in degrees C, is expressed usually by the 
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symbol A.) Therefore any solution of a nonelectrolyte that lowers the 
freezing point 1.86°C. must have an osmotic pressure of 22.4 atmos- 
pheres. The depression of the freezing point may be readily deter- 
mined by suitable apparatus. 

Osmotic Pressure of Electrolytes. The molecular weight of sodium 
chloride is 58.457, that of glucose 180.096. One might expect that a 
0.58 per cent solution of sodium chloride would be isotonic or isosmotic 
with a 1.8 per cent solution of glucose. Actually it is isotonic with a 
glucose solution of about 3.7 per cent. This increase in the theoretical 
value of the osmotic pressure as determined from the molecular weight 
is due to the fact that salt solutions, as well as solutions of acids and 
bases, are electrolytes, that is, they conduct electricity. Pure water is 
a poor conductor of electricity, and its conducting power is very little 
altered by the addition of sugar; but the smallest trace of salt, acid, 
or alkali added to distilled water improves its conducting power. The 
conducting power of electrolytes depends upon the fact that their mole- 
cules, in the act of solution in water and certain other liquids, undergo 
dissociation, or ionization, which increases with the dilution of the 
solution. Each ion acts as a molecule in its effect upon osmotic pressure. 
To get complete ionization of a salt it must be in very dilute solution. 
Therefore a very dilute solution of sodium chloride would have an 
osmotic pressure practically double that of an equimolecular solution 
of sugar. However, in a molar solution of sodium chloride the salt 
would not completely ionize, so that such a solution would not depress 
the freezing point quite 2 X 1.86 degrees but approximately 1.9 X 1.86, 
or about 3.5°C. 

If an unknown aqueous solution is found to have a freezing point 
that is A degrees C. lower than that of water, its osmotic pressure will 


A X 22.4 X 760 
—  — mm. Hg. 
1.86 . 


The freezing point of mammalian blood is close to —0.56°C., 
although slight variations within and between the different species have 
been recorded. The amount of a nonelectrolyte that must be dissolved 
in water in order to make a solution isotonic with blood can readily 
be calculated by dividing the freezing point of blood by the freezing- 
point constant and multiplying the quotient by the molecular weight 
in grams of the substance, which would give the amount of the 
substance contained in each liter of solution. For example, to make a 


equal 


0.56 
' solution of dextrose isotonic with blood one uses 180 X 180.096 = 54.2 


grams of dextrose per liter of solution, which makes a 5.4 per cent 
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solution, However, with an electrolyte such as sodium chloride, assum- 


oo, 0.56 58.457 
ing complete dissociation, one uses 186 x = 8.796 grams of 


NaCl, which makes an 0.88 per cent solution. 

The following conclusions concerning osmotic pressure are stated 
by Ostwald (Reed and Guthe) as reasonably well determined for dilut 
solutions: 


(a) The osmotic pressure depends upon the nature of the substance. 

(b) The osmotic pressure is proportional to the concentration of the solution, 
or inversely proportional to the volume in which a definite mass of the dissolved 
substance is contained. 


(c) The pressure for a given concentration is proportional to the absolute 
temperature. 


(d) Quantities of dissolved substances not electrolytes which are in ratio of 
their molecular weights exert equal pressures at equal temperatures. 

(e) The pressure is independent of the nature of the membrane provided the 
membrane be impervious to the dissolved substance. 


In physiology the osmotic pressures exerted by various solutions 
are usually compared to that of blood plasma. A solution that has the 
same osmotic pressure as blood plasma is said to be isotonic, one that 
has an osmotic pressure less than that of blood plasma is said to be 
hypotonic, and one that has an osmotic pressure greater than that of 
blood plasma is said to be hypertonic. 

Dialysis. The nature of the membrane is an important factor in 
respect to the transference of water or dissolved substances across it. 
In a consideration of the part that the membrane plays in osmosis, 
the membrane may be regarded as composed of pores of such a size 
that they permit only the smallest molecules (those of water) to pass 
through them, Such membranes are called semipermeable membranes. 
Membranes that are actually semipermeable are not known to exist. 
However, there do exist membranes which permit water molecules and 
molecules of simple chemical substances (crystalloids) to pass through, 
but hold back those composed of large, complex molecules (colloids). 
Such a permeable membrane would allow the saline constituents, but 
not the proteins, of blood serum to pass through it. Dialysis is the pas- 
sage of a dissolved crystalloid through a membrane and is of considera- 
ble importance in the separation of crystalloids from colloids in solution 
because of their unequal diffusion through certain natural or artificial 
membranes. 


REACTION OF A SOLUTION 


In considering the subject of acidity, it is important to recognize 
that the term acidity may have two meanings: one signifies the amount 
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of acid, that is, the total or titratable acidity, and the other signifies 
the intensity or strength of acid, or the hydrogen ion concentration. It 
is the concentration of hydrogen ions, that is, the degree to which an 
acid is dissociated, that determines the difference between a strong 
and a weak acid. 

The total acidity or alkalinity of a solution (the “total reaction”) 
expresses the total acid or base present, while the effective acidity or 
alkalinity (the “actual reaction”) refers to the acid or base present 
as ions. The concentration of the hydrogen ions in a solution is a 
measure of the dissociated acid and therefore of the effective acidity, 
and likewise the concentration of hydroxyl ions is a measure of the 
effective alkalinity. 

The total acidity or alkalinity of a solution may be determined by 
titration, which is the usual method. However, the effective acidity or 
alkalinity cannot be determined by titration, so that other methods 
have been elaborated for making such measurements, outstanding 
among, which are the electrical and colorimetric methods. 

Pure distilled water dissociates to a slight extent so that some of 
the water molecules (HOH) form oppositely charged hydrogen and 
hydroxyl ions, according to the reaction HOH = Ht + OF. It has 
been calculated that water, purified to the highest extent possible, con- 
tains, at 22°C., 10-7 (that is, 1/10,000,000) gram-mole each of hydrogen 
ions and hydroxyl ions per liter, or equivalent to one gram of hydrogen 
ions and 17 grams of hydroxy] ions in 10* or 10,000,000 liters. A normal 
solution of an acid is one containing one gram-mole of replaceable or 
ionizable hydrogen per liter, and a normal solution of an alkali is one 
containing one gram-mole of replaceable or ionizable hydroxy] groups 
per liter. Pure distilled water is therefore a 1/10,000,000 or 10-7 normal 
solution of hydrogen ions and also a 1/10,000,000 or 10-7 normal 
solution of hydroxyl ions. The hydrogen ions and the hydroxyl ions 
just balance each other, as the water is neutral at 22°C. According to 
the law of mass action, at equilibrium the process is such that the dis- 
sociation of the water molecules into ions is balanced by the recombina- 
tion of the ions. The rate of dissociation into ions is proportional to 
the concentration of undissociated water in a given volume, while the 
rate of recombination is proportional to the product of the concentra- 
tions of hydrogen and hydroxyl ions present. This product is constant 
for any given temperature and amounts at 22°C. to 10-** (that is, 
1/100,000,000,000,000). Thus the more hydrogen (H*) ions that are 
present in a solution, the fewer will be the hydroxyl (OH-) ions; and 
the change in ionic concentration will occur very rapidly since it is the 
product of the two and not the sum of the two that remains constant. 
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No matter how much the concentration of one ion is increased, the 

solution must still contain some of the other ion. Thus as the concen- 

tration of hydrogen ions increases, the concentration of hydroxyl ions 

‘ must decrease in such proportion that the two multiplied together equal 
1 X 104. The hydrogen ion concentration can thus be used to express 

the reaction of neutral, acid, and alkaline solutions. 
The fact that distilled water conducts an electric current only to 
a small degree shows that a very small portion of the water is dis- 
sociated into H and OH ions. By the law of mass action 


Cone. of H ions X conc. of OH ions 


Cone. of undissociated H,O 


= constant. 


Since the number of undissociated water molecules is extremely large, 
relatively, it can be taken as a constant, and the above equation there- 
fore becomes 


Concentration of H ions X concentration of OH ions = constant. . 


By electrical conductivity measurements, this constant has been found 
to be 10° at 22°C. Since in pure distilled water at 22°C. the number 
of H ions equals the number of OH ions, each must have a concentra- 
tion of 1077 gram-mole per liter. 

If these concentrations are expressed in terms of negative powers 
of 10 (for example, 1.0 N = 10°, 1/10 x = 107, 1/100 N = 10°”, 1/1000 
N = 10-3, 1/10,000 N = 10%, etc.), the algebraic sum of the exponents 
of 10 for the concentration of the positive H ions (Cy*) and the concen- 
tration of the negative OH ions (Cou) respectively will remain ~—14. 
This follows from the fact that a multiplication of the type (a) (a”) 
is accomplished by adding the exponents; in this example the product is 
at?) +n or at, For this special case under consideration — (x+y) 
remains equal to —14 at 22°C. 

This method of expressing hydrogen ion concentration is very in- 
convenient and cumbersome. Sørensen has suggested the use of the sym- 
bol pH, the pH values being the logarithm of the reciprocal of the 
hydrogen ion concentration. Thus 


pH = log . 
[IT] 

In this equation [H*] is substituted for Cyt. Just as an acid solution 
is said to be normal when it contains one gram-mole of replaceable and 
ionizable hydrogen per liter, so a solution is said to be normal with 
respect to hydrogen jons when it contains one gram-mole of ionized . - 
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hydrogen per liter. Since [H*] is the normality of hydrogen ions in 
solution, the pH value can also be defined as the logarithm of the 
reciprocal expressing the normality of hydrogen ions, as N/10, N/100, 
n/1000, ete., or 

pH = —log [H+]. 


The negative sign is omitted for convenience. This method of express- 
ing hydrogen ion concentration has now been generally adopted. These 
considerations show that the product of the concentration of the hy- 
drogen ions and hydroxy] ions must always be a constant and that, 
whatever the concentration of hydrogen ions, there are always some 


hydroxyl ions present, as in pure distilled water, which has a pH of - 


7 and is neutral. It contains 107 gram-mole of hydrogen ions and 


the same amount of hydroxy] ions per liter. A solution having a pH | 
of 6 would have 10° gram-mole of hydrogen ions and 10-* gram- .. 


mole of hydroxyl ions per liter, and similarly a solution having a pH 
of 8 would have 10° gram-mole of hydrogen ions and 10° gram-mole 
of hydroxy] ions per liter, etc. It is seen therefore that pH values above 
7 are alkaline and pH values below 7 are acid. The pH value is an 
accurate and definite measure of effective acidity or alkalinity. 

The derivation of pH values and the meaning of hydrogen ion con- 
centration might be made more understandable by considering a 0.1N 
solution of hydrochloric acid, which is one that contains 3.65 grams 
of hydrogen chloride or 0.1 gram-mole of replaceable hydrogen per 
liter of solution. Measurements by means of electrical conductivity 
show that this is not completely ionized, only 91.4 per cent of the 
HCl being dissociated. Thus 91.4 molecules out of every 100 do not 
exist as molecules but are dissociated into H* ions and Cl ions. The 
remaining 8.6 molecules exist in the un-ionized state. If the HCl was 
completely ionized, the tenth normal solution would contain 0.1 
gram-mole of H ions per liter. Since, however, only 91.4 per cent is 
ionized, it contains 0.1 X 91.4/100 = 0.0914 gram-mole of hydrogen 
ions per liter. The pH value of an acid is defined as the logarithm of 
the reciprocal of the number of gram-moles of hydrogen ions per liter. 
Therefore the pH of a n/10 solution of HCl in which 91.4 per cent 
of the HC) is dissociated is the logarithm of 1/0.0914, or the logarithm 
of 10.94, which is 1.04. Many are confused by the reciprocal. A higher 
pH value indicates a lower hydrogen ion concentration. 

A w/10 solution of acetic acid also contains 0.1 gram-mole of 
ionizable H. But measurements by electrical conductivity show that at 
18°C, the w/10 acetic acid dissociates only to the extent of 1.36 per 
cent, Hence the hydrogen ion concentration is 0.1 X 136/100 = 
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0.00136 gram per liter. The reciprocal of 0.00136 gram-mole per liter 
is equivalent to a N/735 solution of hydrogen ions. The pH of n/10 
acetic acid is therefore the log of 735, which is 2.86. Thus the hydrogen 


ion concentration of N/10 HCl is almost 70 times as great as that of — 


w/10 acetic acid, although equal quantities of either would require the 
same amount of alkali for neutralization. 


DONNAN’S THEORY OF MEMBRANE EQUILIBRIUM 


A very helpful theory in throwing light upon the mechanism of 
absorption and the passage of ions through membranes in general has 
been advanced by the British physicist Donnan. When a saline solu- 
tion contained in a dialyzing sac is suspended in a beaker of distilled 
water, the simple laws of diffusion suffice to explain the final equal 


concentrations of salt reached on both sides of this permeable mem- - 


brane. Suppose that this membrane is impermeable to the anion R of 
a salt NaR in solution on one side of the membrane, but permeable to 
all other ions and salts involved. On the assumption that there are equal 
volumes on the two sides of the membrane and complete dissociation 
and that there is at the beginning of an experiment NaR on one side 
_ of the membrane and NaCl on the other, as in the diagram, 


(1) (2) 

Nat Nat 

R- S cr ; 
Membrane 


NaCl will diffuse from (2) to (1) until equilibrium is established. At 


this point the ions will be distributed as shown in the following dia- 
gram: 


(1) (2) 
Nat Nat 
R- cr 
cr 

Membrane 


At this equilibrium point, according to the principles of thermodynam- 
ics, the product of the concentrations of the diffusible Nat and CI- ions 
on one side is the same as the product of the concentrations of the 
same ions on the other side of the membrane, that is, 


[Nat]; [CF]; = [Na+]; [Cl]. 


At the equilibrium point the concentration of the positive ions Na* 
in (1) must be equal to the sum of the concentrations of the negative 
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ions present (R- + Cl-) in order to maintain electrical neutrality, while 
on the other side of the membrane the concentration of Na* ions is only 
equal to that of the negative ions Cl, From this it can be seen that in 
order for the products of the concentrations of Na* and Cl- to be equal 
on both sides of the membrane, the concentration of sodium ions in (1) 
must be greater than in (2), and the reverse must be true for the 
chloride ions. That is, 


[Nat]: > [Nat]: and [CF], < [CF]. 


Thus it is possible to account for the existence of different concentra- 
tions of diffusible ions on the two sides of a semipermeable membrane, 
the essential condition being the existence of a nondiffusible ion on 
one side of a membrane which is permeable to the other ions. This 
difference in concentration of diffusible ions leads to a difference of 
potential (electrical pressure measured in volts) and may account for 
certain electrical phenomena of living matter. 

Since many of the compounds of the body are of the form NaR, for 
example, sodium proteinate, and since the living tissues possess mem- 
branes impermeable to colloids, Donnan’s theory of membrane equili- 
bria must have wide application in physiology. 


COLLOIDAL STATE OF MATTER 


Many reactions of biological systems are dependent upon the col- 
loidal phenomena acting in such systems. Certain materials are often 
referred to as being colloids. Such a statement is not strictly correct, 
as colloidal phenomena deal with a state of matter rather than a kind 
of matter. Any material may be brought into the colloidal state; con- 
sequently there is no sharp line of demarcation between substances that 
are generally regarded as colloids and substances regarded as crystal- 
loids. The earliest contributions in the field of colloid chemistry were 
the result of the activities of Thomas Graham, about 1861. He first 
used the term colloid, which is derived from the Greek word meaning 
glue. Small molecules have a tendency to crystallize, whereas large 
molecules crystallize with difficulty; hence Graham divided all matter 
into crystalloids and colloids. The molecules of crystalloids are small 
enough to pass through animal membranes, whereas colloidal molecules 
are not. The separation of crystalloids from colloids in solution by 
reason of their unequal diffusion through certain natural or artificial 
membranes is termed dialysis. 

Gortner states that “colloidal systems result whenever one material 
_ is divided into a second with a degree of subdivision either (a) coarser 
than molecular or (b) where the micelles exceed 1 to 1.5 my in diam- 
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eter.” A graphic representation of the field of colloidal chemistry is 
shown in the following diagram: 


Molecules and Ions Colloids Matter in Mass 


Not visible with aid of | Visible with aid of ultra- | Visible with aid of mi- 
ultramicroscope microscope croscope 


0.1 mp-l mp 10 mu-200 mu I u-i mm. 


Various classifications are used for colloidal systems, but for a study 
of this kind the colloidal systems may be divided into two great groups, 
suspensoids and emulsoids, 

Suspensoids, in a general way, may be considered as solids sus- 
pended in liquids. They are characterized by the fact that they exhibit 
“Tyndall’s phenomenon,” which is the reflection by the suspended 


particles of rays of light in passing through a medium. Suspensoids are 


sometimes referred to as lyophobic colloids. 

Emulsoids may be considered as being minute droplets which are 
suspended in other fluids, that is, one fluid phase dispersed and dis- 
tributed in another fluid phase. An emulsion in its simplest form may 
be defined as a mixture of two mutually insoluble liquids and may be 
of two different types, depending upon which liquid forms the dispersed 
phase and which forms the dispersion medium, such as systems of oil 
dispersed in water (milk) or as systems of water dispersed in oil (but- 
ter). Emulsoids are generally referred to as lyophilic colloids. 

Liquid colloidal systems are spoken of as sols. A sol may be con- 
sidered as a colloidal system which to the eye appears as a solution, It 
is a fluid and appears to be homogeneous but differs from a solution in 
that the particles suspended in the liquid are of colloidal dimensions. 

More or less rigid collodial systems are spoken of as gels. A gel may 
be considered as a colloidal system possessing more or less the prop- 
erties of a solid. 

Imbibition. Certain colloids exhibit the phenomenon of imbibition. 
This is the taking up of a fluid by a solid. Considerable pressure is 
stored in the colloid as a result of imbibition, and this is designated as 
imbibition pressure. It is impossible to draw a sharp line of distinction 
between imbibition pressure and osmotic pressure. 

Adsorption. A specific property of many surfaces is the ability to 
hold other substances on them. This property is called adsorption. Be- 
cause of their large surfaces, colloid substances manifest this property 
to an unusual degree, and it is one of the most interesting as well as 
most practical properties of colloids. Because of this property colloidal 
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materials are able to perform many reactions that do not conform to 
the principles of thermodynamics. When dealing with the interface þe- 
tween liquid and gas, between liquid and liquid, between liquid and 
solid, or between gas and solid, one finds a concentration of solute, or 
dissolved substance, at the interface. This concentration at the inter- 
face is equivalent to a deposition of the dissolved substance on the 
other substance with which the solution comes in contact. Adsorption 
may be defined as an increase in concentration or condensation of dis- 
solved substances between the two phases. 

Surface Tension. The adsorption property possessed by colloids 
depends upon another physical phenomenon, namely, that of surface 
tension, The creation of the force of surface tension is due to the fact 
that, whereas the molecules within a liquid are subjected to equal forces 
of attraction on all sides, at the surface these forces act on only one 
side of the molecules and therefore tend to pull them inward. This 
causes the surface to pull itself together to occupy the least possible 
area. The surface is always in a state of tension. It is this force that 
constitutes surface tension. 

The surface tension of a liquid is altered by dissolved substances. 
Inorganic salts cause a slight rise of surface tension in a solution in 
contact with air. Most organic substances cause a diminution of surface 
tension. Dissolved substances that lower surface tension tend to con- 
centrate at the surface because of the fact that the free energy of the 
system is thereby lessened. Many surfaces are the seat of electrical 
charges. 


Chapter Il ` 


BLOOD 


LOOD fulfills a number of functions, most of which are included in 

the following summary: (1) It carries nutrient substances from 

the alimentary canal to the tissues. (2) It transports oxygen from the 
lungs to the tissues. (3) It removes the waste products of metabolism 
from the tissues to the organs of excretion. (4) It transports the secre- 
tions of the endocrine glands. (5) It aids in the equalization of the 
water content of the body. (6) Because of its high specific heat it is | 
an important aid in equalizing body temperature. (7) It is concerned .. 
in the regulation of the hydrogen ion concentration in the organism. 
(8) It assists in the body defenses against microorganisms. i 
For proper functioning the cells of the body, particularly the highly ` 
specialized ones, require a remarkably constant environment. This is _ 


spoken of as the internal environment, or fluid matrix, of the organism. ` 


It is the same as the extracellular fluid of the body and is comprised _ 


of the interstitial fluid and the blood plasma. Evidently many of . 


the functions of the blood are directed toward the maintenance of the . 


constancy of the internal environment, of which the blood plasma is `” 


a part. This maintenance is spoken of as homeostasis. 

It is not now our purpose to discuss in detail these functions of the 
blood, knowledge of which will gradually accumulate as the study of . 
the systems and organs progresses. At the present time the study of the 
blood will be more restricted and will deal mainly with its physico- ` 
chemical properties, cellular elements, composition, formation, and de- ~ 
struction. 


BLOOD CELLS, PLASMA, AND SERUM 


Blood is composed of a fluid part termed plasma and corpuscles 
or cells which float in the plasma. Three classes of blood cells are 
recognized: erythrocytes or red cells, leukocytes or white cells, and 
thrombocytes or platelets. The red color of blood is due to the eryth- 
rocytes and not to the plasma, for the latter is yellow to colorless, 
depending on the quantity examined and the species. In any animal, 
plasma is colorless when examined in thin layers. In some species it is 
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colorless or only slightly yellow even when seen in large quantities; this 
applies to the cat, dog, sheep, and goat. In the cow and especially in 
' the horse the plasma has a higher color. 

The yellow color of plasma is due chiefly to bilirubin, although 
; carotene and other pigments are contributing factors. Ramsay (1946) 
> determined the bilirubin concentration in the blood plasma obtained 
from a large number of horses. The mean concentration was 1.57 mg. 
per 100 ml. of plasma. The standard deviation was 0.86 mg. per 100 ml. 
Fasting caused an increase in the level of the plasma bilirubin, which 
fell again when the horses were fed. The rather large concentration of 
bilirubin in horse plasma accounts for its high color. 

The icterus index is a measure of the yellow color in blood plasma. 
The index is determined by comparing the color of plasma with that 
of standard solutions of potassium dichromate. Since the yellow color 
of plasma is due chiefly to bilirubin, the icterus index is generally a 
measure of the concentration of this pigment in plasma, However, in 
horses and cattle, in which species the color of the plasma is influenced 
by other pigments, the test may be of limited value. 

Coagulation is a characteristic process that occurs in shed blood 
(p. 52). Following coagulation, the blood clot usually shrinks, thereby 
. squeezing out a clear, watery liquid termed serum. This substance 
may be defined as the fluid part of blood after clotting has occurred, 
whereas plasma is the fluid part before clotting has occurred. yg- 


RELATIVE VOLUMES OF BLOOD CELLS 
AND PLASMA: HEMATOCRIT 

The volume of blood cells is generally less than that of plasma. A 
determination of this relationship is readily made by means of the > 
hematocrit, a small, graduated centrifuge tube in which is placed a 
sample of blood to which an anticoagulant has been added. It is com- 
mon practice to allow the hematocrit to stand vertically for an hour, 
at the end of which time the sedimentation rate (p. 20) is determined. 
Then the hematocrit tube is centrifuged at 3000 r.p.m. for 30 minutes, 
after which the volume of packed red cells is read from the scale. A 
layer of packed leukocytes occurs just above the erythrocytes. The 
volume of packed red cells, or hematocrit reading, is normally directly 
related to the erythrocyte count and hemoglobin content. 

Following are blood hematocrit values! (ml. of red cells per 100 ml. 
of blood) for animals and man: horse, 33.4; horse, Thoroughbred, 42; 


1 These values, as well as data on pp. 20, 27, 30, 45, and 50 of this book, are from 
Standard Values in Blood, ed. by Errett C. Albritton (Philadelphia, W. B. Saunders Co., 
1952). Reference may be made to this fascicle for further information, including ranges of 
variation and citations to the literature. 


<< 
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cow, 40; sheep, 32; goat, 34; pig, 41.5; dog, 45.5; cat, 40; rabbit, 41.5; 
chicken, 32; man, 44.5. 


SPECIFIC GRAVITY AND SEDIMENTATION OF BLOOD 
The specific gravity (with the range of variation) of whole blood 


of several species of domestic animals is as follows (Albritton): horse, 


1.053 (1.046-1.059) ; cattle, 1.052 (1.046-1.058); sheep, 1.051 (1.041- 
1.061); pig, 1.046 (1.039-1.054); dog, 1.052; cat, 1.051 (1.045-1.057). 
The specific gravity of the corpuscles, especially the erythrocytes, is 
greater than that of the plasma. Thus in cattle and sheep the eryth- 
rocytes have a specific gravity of 1.084 and the plasma 1.029; and in 
rabbits, 1.098 and 1.025. 

Because of the higher specific gravities of the cellular elements, the 
corpuscles of a sample of blood in which coagulation has been pre- 


vented will tend to settle out. The red cells gravitate to the bottom, : 


the white cells occupy a thin intermediate zone, and the plasma rises 
to the top. However, the sedimentation rate of blood varies greatly 
among the different species. Erythrocytes of horse blood settle quickly, 


whereas those of ruminants settle very slowly. The suspension stability | 


of horse blood is therefore slight, whereas that of the blood of rumi- ~ 


nants is great. The sedimentation rate is measured, in standard tubes, — 
by the distance in millimeters through which the uppermost layer of ` 


arythrocytes passes in a certain time, Tentative normal sedimentation 


rates for several animals are given as follows (Coffin, 1953): horse— l 


at the end of 10 minutes, 2 to 12 mm.; at the end of 20 minutes, 15 
to 38 mm.; dog—30 minutes, 1 to 6 mm.; 60 minutes, 5 to 25 mm.; 
pig—30 minutes, 0 to 6 mm.; 60 minutes, 1 to 14 mm. In ruminants 
there is usually little or no settling in one hour. In cattle Ferguson 
(1937) found a mean rate of 2.4 mm. in 7 hours. He considered a value 
over 4 mm. as indicative of a pathological condition. An analysis of 
variance of sedimentation rates and packed cell volumes is given. 

Nichols has devised an automatic photographic instrument for 
recording the rate of sedimentation and has worked out a satisfactory 
technic for horse blood. His publications include an extensive survey 
of the literature on sedimentation of erythrocytes. 


a} 


oes 


Fahraeus, who has made a detailed study of suspension stability, © 


found that changes in the viscosity of the plasma, the specific gravities 
of the corpuscles or plasma, or the size of the corpuscles have prac- 
tically nothing to do with the sedimentation rate. The only factor of 
importance is the degree of agglutination of the erythrocytes (and 
hence the size of the sedimenting particles), and it is certain that the 
plasma proteins markedly influence this factor. According to some 
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workers it is an increase in the fibrinogen content of plasma that 
hastens agglutination and settling, while according to others it is an 
increase in the globulin. Apparently the increase in fibrinogen is more 
important (Nichols, 1942a). 

It has been suggested that variations in the concentration of the 
blood proteins affect the sedimentation rate by variations in the col- 
loidal state of the plasma and therefore in the electric charges on the 
proteins and red cells (Ropes, Rossmeisl, and Bauer). 

Horse erythrocytes will sediment rapidly even in ox and sheep 
plasma, and ox and sheep erythrocytes will sediment slowly in horse 
plasma (Fegler). These findings indicate that the plasma is not the only 
factor determining the rapid sedimentation of horse erythrocytes. The 
significance in equine physiology of the rapid sedimentation of horse 
erythrocytes in vitro is unknown. More information is needed as to the 
behavior of horse erythrocytes in the blood vessels. 

Changes in sedimentation rate are nonspecific reactions, not indica- 
tive of any particular pathological condition. Usually the rate is in- 
creased in acute general infections, in the presence of malignant tumors, 
and in inflammatory conditions. In pregnancy the rate is increased. 

Intravascular agglutination of erythrocytes and the problem of 
sludged blood are considered in a recent review by Lutz. 


REACTION OF BLOOD 


By the reaction of blood one usually means the reaction of blood 
plasma when examined under conditions which prevent loss of its gases, 
particularly carbon dioxide. The reaction under these conditions is 
just on the alkaline side of neutrality. To use the nomenclature dis- 
cussed in Chapter I, its average reaction is about pH 7.4. Numerous 
observations by many investigators show that this reaction fluctuates 
only within narrow limits. For the blood of man, Myers reports a nor- 
mal range of pH 7.35 to 7.43; for the blood of the horse, Brey reports 
a somewhat wider range of pH 7.20 to 7.55; for the blood of the cow, 
a range of pH 7.35 to 7.50 has been recorded (Krapf). Berg, Mayne, 
and Petersen studied variations of blood pH in men and dogs over a 
period of a year. In man the weekly averages varied from pH 7.28 to 
7.68; in dogs, pH 7.32 to 7.68. There was a positive correlation between 
pH and barometric pressure. That the blood of fowls is similar to the 
blood of mammals with respect to its reaction is indicated by the ob- 
servations of Johnson and Bell. These workers found the average pH 
of the blood of normal fowls to be 7.56. Arterial blood is slightly 
more alkaline than venous blood. The plasma is more alkaline than 
the corpuscles. 
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The extreme limits of pH range compatible with life are approxi- 
mately 7 and 7.8. 

It is well known that a large amount of acid or a good deal of 
alkali may be added to the blood, in vitro or in vivo, without any con- 
siderable change in reaction. Some of the acids that are added to the 
blood as a result of normal metabolism are carbonic, lactic, pyruvic, 
phosphoric, sulfuric, and uric. The question now arises: How can 
blood, a nearly neutral liquid, maintain such a constancy of reaction - 
notwithstanding this acid metabolism which is continually going on? | 
This property of blood is due primarily to its own composition and 


secondarily to the co-operation of the respiratory and renal mecha- ig 


nisms. These actions are considered in Chapter XIX. In addition, the 
respiratory regulation of reaction in the organism is discussed in the - 


chapters on respiration and the renal regulation of acid-base balance ` ° 


in Chapter XX. 
Alkali Reserve. Because the bicarbonate of the blood and tissue 
fluids is so important in the regulation of their reaction and because the 


bicarbonate content of the blood reflects so faithfully the reserve of `- 


available alkali in the body, the latter bicarbonate content has been 
designated as the alkali reserve. It is conventionally expressed as the 
volume per cent of carbon dioxide that can be obtained from a sample 
of plasma following its saturation with air containing the same per- 
centage of carbon dioxide as that found in the alveoli of the lungs. 
The resulting value (volume per cent) represents, therefore, the carbon 
dioxide capacity of the plasma. 

The average carbon dioxide capacity of the blood plasma of several 
species of animals is as follows:? mature cows, 62 volumes per cent; 
calves, 73; sheep, 56; horse, 64. The range of the carbon dioxide ca- 
pacity of the blood plasma of the horse is 55 to 75 volumes per cent; 
similar values were found for the cow (Krapf). In man the normal 
range of the carbon dioxide capacity of blood plasma is 55 to 75 
volumes per cent. The carbon dioxide capacity of the plasma of birds 
is of the same order as in mammals. 

Acidosis and Alkalosis. An abnormal reduction of the alkali re- 
serve of the blood is seen in the condition designated as acidosis. It can 
be produced experimentally by feeding or injecting acid and in some 

species by starvation. In a number of pathological conditions, for ex- 
` ample, diabetes of man and the ketoses of ruminants (“acetonemia” of 
cattle, pregnancy disease of ewes), acidosis may be present, largely as 


1 Averages are based on the work of Hayden and Sampson and of many others: data were 
assembled by Dr. J. Sampson. 
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a result of the accumulation of $-~hydroxybutyric and acetoacetic acids. 
However, the work of Sykes, Duncan, and Huffman shows that ketosis 
of dairy cows is not necessarily accompanied by acidosis, as revealed 
by studies of the carbon dioxide capacity of the blood plasma. 

An abnormal increase of the alkali reserve of the blood is seen in 
the condition designated as alkalosis. It may be produced by feeding 
or injecting alkali, and it occurs in clinical conditions accompanied 


by increased acid elimination or increased alkali retention. It can be 


produced temporarily by overventilation of the lungs. 


ERYTHROCYTES 


Mammalian red cells are nonnucleated. In the blood stream they 
are believed to exist normally as biconcave circular discs. The red 
corpuscles of most animals below the mammals are elliptical in shape 
and possess nuclei. When placed in a very weak salt solution, erythro- 
cytes lose their biconcave shape, tending to become spherical; when 
placed in a strong salt solution, they become shrunken and crenated. 

Structure. The state of knowledge of the minute structure of the 
erythrocyte is still unsettled. Some regard the corpuscle as consisting 
of a spongelike stroma with hemoglobin deposited in its interstices. 
Others believe that the corpuscle is of the nature of a vesicle, whose 
membrane surrounds a mass of contents in a fluid condition. Still others 
adopt a somewhat intermediate view: the erythrocyte is believed to be 
a balloon containing an elastic stroma and hemoglobin and surrounded 
by a lipid-protein condensation which serves as a membrane. (For 
further details textbooks of histology or hematology may be con- 
sulted.) Erythrocytes are soft and easily compressible. They can there- 
fore be readily forced through capillaries whose diameter is smaller 
than that of the erythrocyte. However, this may result in trauma to 
the red cells. 

Size. The average diameter of erythrocytes in domestic animals 
and man is as follows (Paechtner): 


microns microns 
Horse . 5.6 ` Pig - . 6.2 
Mule and ass © < 53 Dog - - 73 
Ox ES ` 56 Cat 7 65 
Sheep 5.0 ` Man 7.5 
Goat 41 


Hubacek has reported on the size of erythrocytes of domestic ani- 
mals, including the ranges of variation. 
... Number. In enumerations of blood corpuscles the number is deter- 
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mined per cubic millimeter of blood. The following figures illustrate 
average erythrocyte numbers in the blood of domestic animals accord- 
ing to the work of several authors: 


millions millions 
per cu. mm. per cu. mm. 
Horse 6.9 Cat 7.2 
Cow 6.3 Rabbit 59 
Sheep (lambs) 10.1 Coek 3.2 
Sheep (over 1 yr. old) 8.1 Hen 28 
Goat 13.9 Pigeon ~ 40 
Pig 74 Man 5.4 
Dog 6.2 Woman 48 


These figures reveal that the number of red cells varies greatly 
among different species (this is known as interspecies variation). The 
number is subject also to wide variation | 
within the species (this is known as intra- 
species or interindividual variation) and 
within the individual (intraindividual vari- 
ation). Among the factors responsible for 
intraspecies or intraindividual variation are 
age, Sex, environment, exercise, nutritional 
status, and climate. Fig. 1 illustrates varia- 
tion in red cell counts in normal dogs. Fig. 
2 shows variation in red cell counts in 
Thoroughbred mares. The hematology of 
Thoroughbred horses has been extensively 


Fra, 1—Average erythrocyte 
counts (millions per cubic 
millimeter) in the blood of 


sixty normal dogs. (From 
Mayerson, Anatomical Rec- 
ord, published by the Wistar 
Institute.) 


studied in recent years; Hansen and co- 
workers have reported numerous data for 
stallions, mares in foal, barren mares, and 
weanlings. All groups show higher red cell 
counts than are shown by cold-blooded 
horses. 


The erythrocyte count of mules is practi- 
cally the same as that of horses (Morris). 

Marked variations in erythrocyte counts may occur in pathological 
conditions. For some of these, and for the methods of counting blood 
cells, consult the book by Coffin or the monograph by Holman. 

Erythrocyte Surface Area. The total surface area presented by the 
erythrocytes of the body can be estimated when the blood volume, 
erythrocyte count, diameter, and thickness are known. The results 
are amazingly large. Table 1 gives such estimates, which are of in- , 
terest from the standpoint of the respiratory or gas-transport function 
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of the blood. Further examination of the table shows that there are, 
in different species, 27 to 36 square meters of corpuscular surface area 
for each kilogram of body weight. The lowest figure is for the goat, the 
highest for man. 


Fig. 2—Number of erythrocytes (millions/cu. mm.) 
in the blood of 65 Thoroughbred mares in foal. 
The average value is 10.52 million (standard 
error + 0.102). The histogram shows the observed 
frequency distribution. The polygon shows the 
theoretical normal distribution, Other values with 
their standard errors are: hemoglobin, 14.89 + 0.128 
gm./100 ml; hematocrit, 45.10 + 0.362 per cent; 
leukocytes, 10.01 + 0.187 thousand/cu. mm. (From 
Hansen, Todd, Kelley, and Cawein, Kentucky 
Agricultural Experiment Station Bull. 555, 1950.) 


`. ERYTHROCYTES 


FREQUENCY 


a4 10.4 ia 
CELLS "tM 


a4 


The figures for erythrocyte surface area become more impressive 
when they are compared with the body surface area: that of a man of 
average size is less than 2 square meters; that of a 500-kg. cow some- 
what less than 5 square meters. 

Composition. The erythrocyte contains, in different species, 62 to 
72 gm. of water per 100 ml. of cells, The solids of red cells are com- 

posed of the pigment hemoglobin and stroma. Hemoglobin makes up 
much the greater part (about 95 per cent) of the solids. Stroma is 
composed of proteins; the lipids lecithin, cholesterol, and cephalin; 
and inorganic substances. Hemoglobin gives the erythrocytes their 


TABLE 1. ESTIMATED TOTAL ERYTHROCYTE SURFACE AREA 


Erythrocyte 
. . Erythrocyte Surface Area, sq. m. 
Species Weight Surface 
Area Body Weight, kg. 
kg. sq. m. 

Man............. 70 2,500 36 
Horse............ 500 14,000 28 
(0 500 16,000 32 
Sheep......-.-..- 40 1,280 32 
Goat. ........... 30 800 27 
Pig... 0... cece eee 100 3,000 30 


(From Paechtner.) 
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property of carrying oxygen and of aiding in carbon dioxide transport 
and is therefore of great physiological importance. 

Hemolysis. Hemolysis is the discharging of the hemoglobin from 
the red cells so that it becomes free in the plasma or other medium 
surrounding the cells. The earlier physiologists termed the process 
laking, and blood so treated was said to be laked. As indicated below, 
there are a number of ways of producing hemolysis, but since the 
exact structure of the erythrocyte is still unknown, the mechanism of 
hemolysis is imperfectly understood. Some of the methods have clini- 
cal significance, while others do not. 

1. Lowering the osmotic pressure of the plasma causes hemolysis. 
This lowering may be accomplished by adding weak salt solution or 
water to the blood. What occurs in such cases is a passage of water 
into the corpuscle by osmosis through its semipermeable membrane, 
whereupon the corpuscle swells. This results in the stretching, or 
possibly mechanical rupture, of its membrane, and hemoglobin runs 
out into the surrounding medium. The transparent stroma left is spoken 
of as a shadow, or ghost, corpuscle. Solutions that cause hemolysis by 
osmosis are said to be hypotonic. Solutions into which erythrocytes 
may be placed without producing osmotic changes are said to be iso- 
tonic. Such solutions cause no alterations in the size of the corpuscles. 
Solutions that exert a higher osmotic pressure than blood plasma are 
said to be hypertonic. They cause water to pass from the corpuscles 
by osmosis, and shrinking of the corpuscles results. Such erythrocytes 
are said to be crenated. 

The isotonic solution which has been studied most and is of greatest 
interest is physiological salt solution, known also as physiological 
saline. It is an aqueous solution of sodium chloride and is usually pre- 
pared so as to contain 0.9 per cent of sodium chloride. This concentra- 
tion of sodium chloride in water is satisfactory for practical use in 
mammals wherever an isotonic solution of sodium chloride is required. 
However, studies by Aldred in which the vapor-pressure method was 
used indicate that the osmotic pressure of mammalian blood is some- 
what higher than that of a solution containing 0.9 per cent of sodium 
chloride and that interspecies differences of considerable magnitude 
exist. Table 2 gives the average values. The values for the horse, cow, 
and dog are evidently nearly the same. The value for the goat is some- 
what higher, and that for the sheep considerably higher, than the’ 
values for the other mammals. 

The osmotic pressure of the blood of birds is higher than that of the 
blood of mammals. In terms of equivalent concentrations of NaCl, the 
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TABLE 2. Osmotic PRESSURE OF BLOOD 


(Averages in equivalent concentrations of NaCl, grams per 100 gm. 11,0) 


Sheep.............- 0.978 Dog. ..... 5. eee 0.933 
Goat.............. 0.955 Man............... 0.945 
Horse.............. 0.927 Woman............ 0.927 
Cow... ccc eee eee 0.936 


pigeon has an osmotic pressure of 1.004 and the hen 1.025. The frog, a 
cold-blooded animal, shows a value of 0.731, but the value for the 
tortoise is higher and very variable (0.80-1.16; av., 0.957). 

While it is true that a 0.9 per cent solution of sodium chloride is 
approximately isotonic with mammalian blood plasma and that weak 
salt solutions when mixed with blood cause hemolysis, yet the extent 
to which the osmotic pressure of plasma can be lowered without caus- 
ing hemolysis of all, or even any, corpuscles is considerable, and it 
varies somewhat among different species. The point in terms of strength 
(per cent) of sodium chloride solution at which hemolysis just begins 
indicates the osmotic resistance of the weakest corpuscles (minimum 
resistance). The point at which complete hemolysis occurs indicates 
the resistance of the strongest corpuscles (maximum resistance). The 
test, which has some clinical application, is called the erythrocyte 
fragility test. The figures in Table 3 illustrate erythrocyte fragility 
values for animals. 

A recent study of the osmotic resistance of sheep erythrocytes by 


TABLE 3. ERYTHROCYTE FRAGILITY 


Strength of NaCl Solution 
(gm. per 100 ml.) 
Species 

For Initial For Complete 

Hemolysis Hemolysis 
Horse. .... 0.000 eee ee ee eee 0.59 0.39 
OX eect eee 0.59 0.42 
Sheep...... 0... cece eee eee 0.60 0.45 
Goat... ccc cee eee ee 0.62 . - 0.48 
Pig... eee eee eee 0.74 0.45 
Dog... ..- 2 eee eee eee 0.45 0.36 
Os T 0.69 0.50 
Rabbit............2...0+-000- 0.57 0.45 
Chicken... suuraan rener 0.40 0.32 


(Data from Albritton.) 
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use of the electrophotometer has been made by Stone, Adams, and 
Dickson. 

It is not known that hemolysis caused by lowering the osmotic pres- 
sure of the plasma plays a part in the destruction of erythrocytes in 
the body under normal conditions. However, knowledge of this type 
of hemolysis is of practical importance in connection with solutions for 
intravenous injection. Nevertheless it is a fact that large amounts of 
water may be injected into the blood stream without producing any 
significant amount of hemolysis. In experiments on horses Roberts found 
that injections of over 4000 ml. of distilled water or tapwater regularly 
produced a temporary hemolysis and hemoglobinuria. No hemolysis 
was observed in any horse receiving less than 2000 ml. of distilled water 
or tapwater. (Water injections would produce electrolyte imbalance 
in the organism and would obviously be unsuited to clinical use.) 

2. Alternate freezing and thawing causes hemolysis, probably by ` 
rupturing the stroma. i 

3. Stirring or agitating blood may cause hemolysis. 

4. Blood submitted to high temperatures (over 64°C.) undergoes. 
hemolysis. a 

5. Substances that lower surface tension (saponin, soaps, bile salts) . 
produce hemolysis. They probably combine with some constituent of 
the cell membrane or otherwise alter it. Alcohol, ether, chloroform, 
and acetone, which cause hemolysis, probably act similarly. 

Hemagglutination. It has long been known that when blood serum 
or plasma of one animal is mixed with erythrocytes of an animal of 
another species, agglutination of the erythrocytes may occur. The © 
process is spoken of as hemagglutination (heterohemagglutination). -. 
The active substance in the serum or plasma is designated as the agglu- 
tinin, whereas that in the erythrocyte is the agglutinogen. More re- 
cently it was discovered that agglutination of erythrocytes may occur 
when the serum or plasma and the erythrocytes of individuals of the — 
same species are mixed. This reaction is known as isohemagglutination. 
It is especially important in human blood and must be taken into ` 
account in blood transfusions in humans. The blood of a person (donor) 
whose erythrocytes are agglutinated by the serum or plasma of a pro- 
spective recipient must not be transfused into that individual. Other- . 
wise agglutination of the erythrocytes of the donor may occur in the 
blood stream of the recipient. Following agglutination, hemolysis may 
take place as a secondary effect. Agglutinins in the donor’s plasma 
are relatively harmless, for they are greatly diluted by the blood of 
the recipient. Pooled plasma or serum.is safe to transfuse into indi- 
viduals of all blood groups partly for this same reason. Furthermore 


s 
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there is some neutralization of agglutinins within the pool. Isohemag- 
glutinins are euglobulins. 

Human bloods have been divided into four main groups based upon 
the fact that human erythrocytes differ in their agglutinogen content 
and human plasmas in their agglutinin content. Agglutinogens have 
been demonstrated in the erythrocytes of practically all the common 
animals. However, hemagglutinins are naturally present only in low 
concentration, or they may be lacking. For this reason it is usually 
safe in animals to make single transfusions involving bloods of differ- 
ent groups. If repeated transfusions are given, however, the recipient 
may develop isohemagglutinins and isohemolysins sufficient to cause 
severe transfusion reactions. In fact, single transfusions may cause 
the development of antibodies in some instances, 

Young and co-workers have recently discussed blood groups in 
dogs, pointing out the importance of the red cell antigen known as 
canine A factor and discussing a hemolytic anemia of newborn dogs. 
Hagan and Bruner present a discussion of blood groups in animals 
and give references to the literature. 

Origin of Erythrocytes. In the fetus the liver, spleen, and lymph 
nodes are the organs concerned in blood formation. In mammals 
throughout postnatal life the bone marrow is, under normal conditions, 
the only organ of erythropoiesis, as the process of formation of red 
cells is termed (Jordan, 1942; Osgood and Seaman). In birds the 
bone marrow is the main site of erythrocyte production, but the spleen 
forms erythrocytes to a small extent. Under certain pathological condi- 
tions in postnatal life the liver, spleen, and lymph nodes may assume 
again their fetal function of erythropoiesis. 

Bone marrow is also the place of formation of granulocytes, it is an 
important seat of the production of thrombocytes, and it is concerned 
to a smal] extent in the formation of lymphocytes. The production of 
‘these elements of the blood will be considered later. 

In the bone marrow, erythropoiesis goes on continually, and cor- 
puscles are poured into the blood stream at such a rate that the total 
number in the blood does not fluctuate greatly. According to one view, 
the erythrocytes are formed extravascularly in the bone marrow. The 
entrance of the newly formed corpuscle into the capillary has been 
likened to the penetration, without rupture, of the film of a soap bubble 
by a needle; no stoma or opening is necessary. According to another 
view, erythrocytes develop intravascularly. There are, according to 
this theory, two kinds of capillaries in bone marrow: collapsed ones, 
which are erythrogenic, and open ones through which blood flows. 
The young erythrocytes are forced into the blood stream by an 
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opening up of the erythrogenic capillaries to the blood current. 

The normoblast (secondary erythroblast), the bone marrow cell 
which is the immediate forerunner of the erythrocyte, is nucleated, 
whereas the mammalian erythrocyte is not. The nucleus of the latter is 
lost by extrusion, or, according to some, by absorption, before the cor- 
puscle enters the blood stream. In certain pathological conditions, 
however, nucleated forms may be found in the blood stream in great 
numbers. 

In the blood of normal mammals there is constantly found a small 
percentage of erythrocytes that present a reticulated appearance when 
subjected to special staining. These young forms are known as reticulo- 
cytes. They represent red cells that are discharged from the bone mar- 
row before they are fully mature. They develop into adult erythrocytes 
in the blood stream. The average amount of reticulocytes (expressed 
as a percentage of the number of erythrocytes) in the blood of differ- 
‘ent species is shown below: 


per cent o per cent 
Dog : a 0.7 Guinea pig , 0.9 
Cat . 0.2 Rat eoo 2.9 
Rabbit _ 22 ` Mouse 4.0 


(Data from Albritton.) 

An increase in the reticulocytes of the blood (reticulocytosis) indi- 
cates that erythropoiesis is increased. Reticulocytosis occurs, for ex- 
ample, when the bone marrow in anemia is showing a favorable 
response to treatment. 

Knowledge of the stimulus for erythropoiesis is far from complete. 
Anoxia is a potent stimulus to erythrocyte formation, and some work- 
ers hold that it is the ultimate stimulus. There is evidence, however, 
that other factors are concerned. It is not known whether anoxia 
produces erythropoiesis by direct action on the bone marrow or by 
causing the release of hormones or other chemical substances. A dis- 
cussion of the factors governing hematopoiesis and the release of 
blood cells into the blood stream is given by Wintrobe (1951). The 
fundamental stimulus for erythropoiesis is the subject of a recent re- ` 
iew by Grant and Root. 

B-Vitamins and Hematopoiesis. In 1926 Minot and Murphy made 
the important observation that the feeding of liver to patients suffer- 
ing from pernicious anemia is an effective treatment for this disease. 
Their studies were based on the earlier work of Whipple and collabo- 
rators in which it was shown that liver feeding is the best treatment 
for experimental anemia in dogs. Liver, as well as stomach, kidney, and 
other organs, contains a substance which has been shown to possess 
great potency in stimulating erythropoiesis. Its principal action is to 
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cause maturation of the red cells and to prepare them for passage into 
the blood stream. In pernicious anemia this substance is lacking and 
red cell maturation is largely inhibited at the megaloblast stage. There 
occurs a megaloblastic hyperplasia of the bone marrow, and the mega- 
loblasts give rise to typical hyperchromic macrocytic erythrocytes, 
which pass into the blood stream in great numbers. Because the sub- 
stance is effective in the treatment of pernicious anemia, it is known 
as the antipernicious anemia factor. Apparently hemoglobin forma- 
tion is not directly affected by an absence of this factor. 

Recent work indicates that the antipernicious anemia factor is 
identical with vitamin B,, (p. 683) and that this substance is also 
the long-recognized extrinsic factor occurring in foods rich in the 
B-vitamins. In pernicious anemia this vitamin is not absorbed from 
the intestine because of the lack of a substance normally secreted 
by the stomach. This substance has long been designated as the 
intrinsic factor. It is believed to be an enzyme. In some way it makes 
possible the absorption of vitamin Bı: from the intestine. The anti- 
pernicious anemia factor is stored mainly in the liver, from which 
it is transported to the bone marrow by the blood. 

Other members of the B-group of vitamins are related to blood 
formation. This is particularly true of a derivative of pteroylglutamie 
(folic) acid known as the citrovorum factor (folinic acid). Vitamin 
Bız and this factor are required in the metabolism of many cells, 
but the hematopoietic tissues, presumably because of their great re- 
generative activity, are especially dependent on these substances. In 
pernicious anemia both substances give the same favorable hemato- 
poietic response, but only vitamin B,. will arrest the degenerative 
changes in the nervous system which are commonly seen in this dis- 
ease. Pernicious anemia has not been demonstrated in animals. 

There is thought to be a normal interaction between vitamin Buz 
and the citrovorum factor in hematopoiesis, but the nature of the 
interrelationship is not clear. 

A deficiency of pteroylglutamic acid in animals will result in a 
macrocytic anemia. There is another B-vitamin, pyridoxine, whose 
deficiency leads to defective erythropoiesis in animals, but in this case 
a microcytic hypochromic anemia results. Degenerative changes in 
the nervous system also occur. 

The Fate of Erythrocytes; the Reticulo-Endothelial System. 
The length of life of erythrocytes is not definitely known. Different 
methods yield different results. From Isaacs’ review of the literature 
(1937) it is seen that the numerous estimates of the life of the mature 
erythrocyte vary from 4 to 120 days in different species. 
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Hawkins and Whipple have studied the question in healthy dogs 
with biliary fistula, in which animals there was a uniform output 
of bile pigment. The animals were then made anemic by bleeding or by 
blood destruction caused by injections of acetylphenylhydrazine. 
Thereupon the blood-forming organs filled the circulation with a great 
mass of new erythrocytes and hemoglobin, and the elimination of bile 
pigment fell to low values for many weeks. In time, however, the out- 
put of bile pigment rose sharply. This marked the end of life for 
the new cells added to the blood as a result of hemorrhage or blood 
destruction. The time elapsing between the entrance of the new red 
cells into the circulation and their disintegration indicates the length 
of their life cycle in the experimental dogs. The following times were 
noted: 112, 120, 126, and 133 days. The average was 124 days. Studies 
(in man and dog) in which isotopes of elements occurring in the hemo- 
globin molecule were used have yielded similar results. Studies of the 
life span of erythrocytes in small mammals by the use of radioiron 
and an isotope of nitrogen have given lower results. The life span of 
erythrocytes of the hen, which are nucleated cells, has been found to 
average only 28 days. 

Erythrocytes doubtless go to pieces by the hundreds of billions 
daily. The total number in the body of a horse is of the order of 
300 trillion, and if the average life of these is assumed to be 100 days, 
then 3 trillion must be destroyed (and formed) in the body every day, 
or about 35 million every second. 

The agencies of destruction of erythrocytes are the cells of the 
reticulo-endothelial system. These cells, known also as histiocytes or 
macrophages, vary in size, shape, and location, but they possess the 
common property of ingesting particulate matter brought into relation- 
ship with them. Reticulo-endothelial cells include the stellate or 
Kupffer cells found in the walls of the blood sinuses of the liver, the 
similar cells of the spleen, and certain cells of the bone marrow and 
lymph nodes. According to Rous’s conception of erythrocyte destruc- 
tion, the red cells break up in the blood stream into smaller and 
smaller pieces still retaining their hemoglobin. When in a very fine ~ 
state of division, these fragments are taken out by the cells of the 
reticulo-endothelial system by which the hemoglobin is doubtless split 
into its iron-containing, pigmentary part and its protein fraction. Then 
by a process that involves the splitting off and conservation of its iron- 
containing moiety, the pigmentary part is converted into bile pig- 
ment, which is an excretory product. By use of a radioactive isotope 
of iron it has been shown that iron derived from red cell destruction 
is readily and almost immediately utilized for new hemoglobin forma- 
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tion, even though ample reserves of iron are available. It has also been 
shown that when hemoglobin is destroyed the pigment radical is 
completely excreted as bile pigment whereas only 3 per cent of the 
released iron is excreted in the bile, the rest being conserved by the 
body (Hawkins and Hahn). The liver and spleen are important store- 
houses of the iron that is not immediately used in the production of 
new hemoglobin. For further discussion of iron metabolism, see p. 
661. 

Another way in which red corpuscles are destroyed is through pha- 
gocytosis by the cells of the reticulo-endothelial system. This method,. 
probably of secondary importance in health, may be of great impor- 
tance in disease. 

Finally, there remains the possibility that erythrocytes are de- 
stroyed by hemolysis in the spleen and perhaps other places. But fail- 
ure to find large amounts of free hemoglobin makes this view doubt- 
ful, at least as supplied to the normal organism. 

The relative importance of the reticulo-endothelial cells in different 
organs in the destruction of erythrocytes is not well understood. Varia- 
tions are known to occur among the different species. In the dog 
Mann and co-workers have shown that the main seat of bile pigment 
formation is the red bone marrow. It is reasonable to suppose, there- 
fore, that this is the principal place of erythrocyte destruction. In man 
the spleen is probably of great importance in the process; in the rabbit 
and guinea pig, less so; in birds the liver is the main seat (Krum- 
bhaar). In most species of animals the liver is probably an important 
seat. 

The protein portion of the hemoglobin molecule is known as globin. 
It is a histone. Its fate it not well understood. It probably enters the 
protein pool of the body and is used in the formation of new hemo- 
globin. 

Anemia. This term refers to a reduction below normal in the num- 


ber of erythrocytes or in the hemoglobin content of the blood, or both. .~ 


Anemia may be caused by (1) blood loss from whatever cause, (2) in- 
creased blood destruction, and (3) decreased blood formation. Various 
detailed classifications of anemia have been proposed. For further 
information on anemia, the books by Coffin and Wintrobe and the 
monograph by Holman are suggested. 


HEMOGLOBIN AND ITS COMPOUNDS AND DERIVATIVES 


Hemoglobin (ferrohemoglobin), the pigment of the erythrocytes, 
is a complex, iron-containing, conjugated protein composed of a pig- 
ment and a simple protein. The pigment is ferroheme (reduced heme, 
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reduced hematin) and the protein is globin, a histone. Ferroheme 
makes up about 5 per cent of the hemoglobin molecule. Ferroheme 
is widely distributed both in the animal and plant kingdoms. It not 
only combines with globin to form hemoglobin but it can combine 
with many nitrogenous compounds to form hemochromogens. Myo- 
globin is a combination of ferroheme and muscle globin. 
Measurements of the molecular weight of hemoglobin have given 
the following results: man, cat, pig, 65,000; dog, 66,000; rabbit, 69,000. 
These values are about four times the minimal molecular weight of 
16,400 calculated on the basis of an iron content of about 0.34 per 
cent and on the assumption that each molecule of hemoglobin contains 
one atom of iron. The hemoglobin molecule must therefore contain 
four iron atoms and four heme groups. The latter are believed to be 


Fia. 3.—Oxyhemoglobin crystals of the Fia. 4.—Oxyhemoglobin crystals of the — . 


dog. (From Publication No. 116, Car- pig. (From Publication No. 116, Car- . 
negie Institution of Washington.) negie Institution of Washington.) : 


combined with one molecule of globin to form hemoglobin. Differences — 
in the globin molecules probably account for the slight differences in 
the molecular weights. 

At least some of the pores of the glomerular membrane in the 
kidney are large enough to permit the hemoglobin molecule to pass | 
through. Thus if hemoglobin is released in the blood stream, hemo- | 
globinuria is likely to result. 

Hemoglobins of Different Species. Hemoglobin is present in the 
blood of all mammals and of many animals far below the mammals. 
The hemoglobins are not identical compounds, however, even among 
the mammalian species. The differences are due to differences in the 
globin part of the molecule, for heme does not vary in composition 
either in the animal or the plant kingdom. Evidence that the hemo- 
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globins in different animals are not identical is as follows: (1) The 
crystallography of the hemoglobins is not the same. This is shown by 
the early investigations of Reichert and Brown, who studied blood 
from over 100 species of animals. Hemoglobin from all species studied 
could be crystallized, usually as oxyhemoglobin, but the ease of crystal- 
lization, the shape and size of the crystals, and other factors varied 
greatly. The appearance of the crystals from several species of domes- 
tic animals is shown in Figs. 3 to 6. (2) The absorption spectra of the 
different hemoglobins are not identical. (3) The chemical composition 
of the globins is not the same, the differences being due apparently to 
differences in their amino acid content (Beach and co-workers). 
Characteristic species differences have been found in the molecular 
ratios of methionine to cystine. 


Fic. 5—Oxyhemoglobin crystals of the Fia. 6—Oxyhemoglobin crystals of the 


bullock. (From Publication No. 116, horse, (From Publication No. 116, 
Carnegie Institution of Washington.) Carnegie Institution of Washington.) 


Amount of Hemoglobin. The amount of hemoglobin in the blood 
is, in modern practice, usually expressed in grams per 100 ml. of blood. 
Average figures for a number of species are given in Table 4. 

Evidence has peen obtained (Smith, 1944) that when the diet 
of the dog is adequate in all known blood-building factors, the hemo- 
globin content of the blood may be much higher (18 gm. per 100 ml. 
for adult dogs) than previous work has shown. Smith suggests that 
the lower values obtained in earlier investigations might have been 
due to inadequacy of the diets with respect to the B-vitamins. It is 
pointed out, however, that the general health of dogs is nearly as 
good with hemoglobin values of 14 gm. per 100 ml. as with values of 
18 gm. 
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TABLE 4. HEMOGLOBIN CONTENT oF THE BLOOD 


Species Hb Author 
gm. per 100 ml. 

Horse... . 0. eee eee 10.0 +1.5 Holman 
Stallion, Thoroughbred........  14.6941.56 Hansen and co-workers 
Mare, Thoroughbred, barren....  13.83+41.10 Hansen and co-workers 
Cow..........-- seve eee eee 12.03 Miller 
Sheep....... 0.0.00 .2 0c eee eee 12.4 41.4 Holman 
Goat. oo cece ees 10.9 Welsch 
Pig... eee eee 11.95 Oglesby and co-workers 
Dog... cece cc eee ee eee eee 13.01 l Mayerson 
Cate. cece eee 10.49 . Landsberg (1940) 
Turkey hen.................. 10.5 Rhian and co-workers 
(0770. SE 13.5 Dukes and Schwarte 
Hen... eee ees 9.8 Dukes and Schwarte 


The statistical constants following the means are standard deviations. 


The amount of hemoglobin in the blood is influenced by such 
factors as age, sex, muscular activity, psychic states, season, baro- 
metric pressure, life habits of the species, and disease, Schwarte has 
reported a study of the variability of the hemoglobin content of the 
blood of pigs from birth to approximately 6 months of age. The effect _ 
of various changes in environment was noted. l 

Since the red cells are the hemoglobin-bearing elements, one would 
expect to find in the normal animal a positive correlation between the 
number of these elements in the blood and the hemoglobin content. 
Such a relationship is illustrated, for dogs, in Fig. 7. Hemoglobin values 
and hematocrit readings also normally show a positive correlation. In 
some types of anemia, however, these correlations do not hold. 

Oxyhemoglobin. Hemoglobin has important physiological relation- 
ships with oxygen. (See also Chapter IX.) During the passage of the - 
red corpuscles through the pulmonary capillaries, hemoglobin com- 
bines with oxygen to form oxyhemoglobin, which, as it traverses the 
systemic capillaries, loses its oxygen to the tissues and again becomes 
hemoglobin. Under appropriate conditions these reactions take place 
readily, and it is fortunate that this is so. Otherwise hemoglobin could 
not function as the respiratory pigment of the blood, for the red cells, 
the hemoglobin carriers, spend only about one second traversing a 
capillary. The relation between hemoglobin and oxygen may be ex- 
pressed in its simplest form as follows: 


Hb + O, = HbO,. 


Hemoglobin owes its oxygen-carrying power to the pigment which it 
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_. Fie. 7—Chart showing the positive correlation between — 
* erythrocyte count and hemoglobin content of blood (in 
dogs). (Data of Powers, Bowie, and Howard.) 


contains, and this in turn owes its oxygen-combining power to its 
iron content. The amount of iron in the blood is small, making up about 
0.34 per cent of the hemoglobin molecule and 0.03 to 0.05 per cent of 
the blood itself. The body carefully conserves the iron resulting from 
hemoglobin destruction, only a small amount being lost daily. The 
dietary need for iron for hemoglobin formation is therefore small. 

When saturated with oxygen, one gram of hemoglobin carries 
about 1.36 ml. of oxygen. 

Oxyhemoglobin, its aqueous solutions, and arterial blood are bright 
red in color, whereas reduced hemoglobin, its aqueous solutions, and 
venous blood are purplish-red in color. 

Myoglobin (Myohemoglobin, Muscle Hemoglobin), This pigment 
is found chiefly in muscles that show slow, repetitive activity of con- 
siderable force (Millikan). The amount increases with age and activity. 
The pigment is a true hemoglobin, being composed of heme and globin. 
The heme of muscle hemoglobin is identical with that of blood hemo- 
globin. The globins of myoglobins of different species, like the globins 
of blood hemoglobins, differ somewhat because of variations in their 
amino acid content. Muscle hemoglobin contains only one heme group, 
and hence only one iron atom, per molecule. Its molecular weight is 
approximately 17,000. The dissociation curve of muscle hemoglobin is 
hyperbolic, whereas that of blood hemoglobin is, under the conditions 
prevailing in the body, S-shaped (p. 255). The total amount of hemo- 
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globin in striated muscles (in the dog) varies in different conditions 
from one-tenth to eight-tenths of that of the blood (Whipple). In 
beef cattle it has been shown that animals on pasture have a higher 
level of muscle hemoglobin than animals on dry lot. The differences 
could not be fully explained on a nutritional basis. The fact that the 
animals on pasture had more exercise was probably important (Shenk, 
Hall, and King). 

The myoglobin content of various muscles of the horse, pig, fowl, 
and pigeon and of muscles of fetuses of several species has been studied 
by Lawrie. The effect of exercise in increasing the myoglobin content 
of muscles was demonstrated in several species. No correlation was 
found between myoglobin concentration and the plane of nutrition of 
the animal. 

Although muscle hemoglobin is doubtless concerned in muscle res- 
piration, not a great deal is known about the physiology of this 
compound. When muscle contracts, its blood supply is temporarily 
interfered with because of compression of the minute blood vessels. 
Myoglobin might serve to yield a supply of oxygen to the contractile 
mechanism in spite of a discontinuous supply from the blood. Evidence 
indicates that it serves as a brief oxygen store in muscle. There is no 
evidence that it acts as a catalyst (Millikan). 

In myohemoglobinuria (“azoturia”) of horses, myoglobin appears 
in the urine. 

Carboxyhemoglobin. Hemoglobin has the power of combining not 
only with oxygen but also with certain other gases, for example, carbon 
monoxide. The resulting compound is carboxyhemoglobin. When carbon 
monoxide is present in the respired air, it enters the blood and com- 
bines with hemoglobin to the exclusion of O,, for the affinity of hemo- 
globin for CO is more than 200 times greater than that of hemoglobin 
for O,. Carbon monoxide attaches to the iron of heme in the same ~ 
manner as does O,. Carbon monoxide, to the extent that it combines 
with hemoglobin, not only invalidates the latter as a carrier of. O» 
but it interferes with the giving up of O, to the tissues. The latter 
action applies to those hemoglobin molecules that are not completely 
saturated with CO but some of whose iron atoms also hold O». Carbon - 
monoxide is therefore very poisonous. The breathing of air containing 
0.1 per cent of CO will cause severe effects in 30 to 60 minutes, under 
which conditions some 20 per cent of the hemoglobin will be converted 
to HbCO. The CO in combination with hemoglobin will be replaced 
with O; if the partial pressure of the latter is great enough. The re- 
placement follows the law of mass action. The reaction 
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HbCO + 0O: = HbO, + CO 

will also be displaced to the right by an increase of CO, pressure. 
Therapeutic measures in CO poisoning have as their chief objective 
the increasing of the O, partial pressure in the blood. For this purpose 
oxygen inhalations are usually used. To take advantage of the favor- 
-able effect of CO, on the reaction and of the stimulating effect of CO, 
on the respiratory center, the poisoned subject may be made to breathe 
oxygen containing 5 to 7 per cent of CO,. However, the beneficial 
effects of the addition of CO, to oxygen in carbon monoxide poisoning 
are not very great (Schwerma and co-workers). 

Methemoglobin. This compound, known also as ferrihemoglobin, 
is a hemoglobin derivative formed by the oxidation of the ferrous 
iron of hemoglobin to ferric iron. Methemoglobin is thus the true 
oxide of hemoglobin, whereas oxyhemoglobin is an oxygenated deriva- 
tive. Methemoglobin (ferrihemoglobin) cannot combine with O; in 
the sense that hemoglobin (ferrohemoglobin) does. Therefore it is 
useless as a respiratory pigment in the blood. Methemoglobin is formed 
in small amounts in the circulating blood, but reducing systems in the 
erythrocytes prevent its accumulation in any considerable amount. 
Under some conditions, however, as after the administration of certain 
drugs (nitrites, aminophenols, acetanilid, sulfonamides, etc.), it may 
occur in the blood stream in larger amounts. Methemoglobin will form 
spontaneously in blood or hemoglobin solutions kept in vitro. Partial 
deoxygenation of the sample favors its formation. Many chemical 
substances, including certain oxidizing and reducing agents, promote 
the conversion of hemoglobin to methemoglobin in vitro. It occurs in 
the urine in certain pathological conditions. 

Ramsey (1944) has demonstrated the presence of significant amounts 
of methemoglobin in horse blood. Spontaneous intracorpuscular met- 
hemoglobin formation in horse erythrocytes has been studied by 
Fegler. In the dog and cat about one per cent of the total blood pig- 
ment has been shown to be methemoglobin. 

Hemin. Hemin is the hydrochloride of ferriheme, in which the 
iron is in the ferric state. Its chemical constitution is known, and it 
has been synthesized. Hemin is easily prepared by heating together 
hemoglobin or dried blood, a grain of sodium chloride, and a drop or 
two of glacial acetic acid, on a glass slide. When so prepared, hemin 
usually assumes the form of brown rhombic crystals, readily seen 
under the microscope (Fig. 8). This test, known as the hemin test, is 
considered to be very reliable for blood. 

Hematoporphyrin. This is the name given to the iron-free pigment 
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formed when hemoglobin or hemin is treated with a strong mineral 
acid, Hematoporphyrin is closely related chemically to the bile pig- 
ment bilirubin. 

Absorption Spectra. When white light is passed through a solu- 
tion of hemoglobin or one of its derivatives, certain wavelengths are 
absorbed. The resulting spectrum is termed an absorption spectrum; 
the regions of absorption are known as absorption bands. They may be 
revealed by examining the solution with a spectroscope. This is an 
instrument for producing and viewing the spectrum. In its simplest 
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Fic. 8—Hemin crystals prepared from sheep blood. (Reichert; _ ` i 
from Hawk and Bergeim, Practical Physiological Chemistry, > 
ed. 9, published by P. Blakiston’s Son and Company, Inc.) 


form, the direct-vision spectroscope, it consists essentially of a tube 
with an opening at one end and a convex lens at the other for produc- 
ing a beam of light of parallel rays, a prism for resolving the light into 
its component parts, and a telescope for focusing. When white light is 
examined spectroscopically, a series of colors, known as the spectrum, 
is obtained. The colors are red, orange, yellow, green, blue, violet, and 
indigo. When sunlight is examined, certain fine, black, vertical lines are 
found at definite places in the spectrum. These are known as Fraun- 
hofer’s lines and are designated as A, B, C, D, E, ete. They are lacking 
in the spectrum of lamplight. Absorption bands of definite size, ap- 
pearance, and position are given by solutions of hemoglobin and its 
derivatives in certain concentrations. Therefore spectroscopic examina- 
tion serves to identify these pigments in solution. 
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Dilute oxyhemoglobin solutions when examined spectroscopically 
show two absorption bands between the D and E lines; the left band is 
narrower than the right (Fig. 9). Concentrated solutions show one 
band instead of two. When a reducing agent is added to dilute oxy- 
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Fic. 9—Absorption spectra of hemoglobin and some of its derivatives: 

1, oxyhemoglobin, dilute solution; 2, reduced hemoglobin; 3, methemo- 

`~ globin, neutral solution; 4, methemoglobin, alkaline solution; 5, hematin, 

acid solution; 6, hematin, alkaline solution. The wavelengths absorbed 

' may be determined by reference to the scale at the top of the diagram. 

. The values shown are millimicrons. (Ziemke and Müller; from Howell, 
Physiology; copyright—W. B. Saunders Company.) 
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hemoglobin solution, the two bands give place to a single band which 
begins just to the left of the D line and extends nearly to the E line. 

` This is the spectrum of reduced hemoglobin (Fig. 9). 
Carboxyhemoglobin shows two absorption bands, which are similar 
in position and size to those of oxyhemoglobin. However, it is easy to 
distinguish between the two compounds by adding a reducing agent. 
If the compound is carboxyhemoglobin, the two absorption bands 
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remain; if it is oxyhemoglobin, they are replaced by one band. Car- 
boxyhemoglobin occurs in the blood stream in poisoning from carbon 
monoxide. 

When a fairly strong solution of oxyhemoglobin is treated with 
ferricyanide, chlorate, or nitrite, methemoglobin, in neutral solution, 
is formed. Its spectrum shows a distinct band in the red between the 
C and D lines and a somewhat narrower band just to the right of the 
D line. Still other bands are present (Fig. 9). The addition of a reduc- 
ing agent causes the spectrum of oxyhemoglobin and then of hemo- 
globin to appear. 

LEUKOCYTES 

Leukocytes, or white blood cells, are much less numerous than 
erythrocytes. They are of several kinds and their physiology is in- 
completely understood. More work has been done on their functions 
in disease than in health. Numerous studies of their cytology have 
been made. 

Leukocytes as normally found in the blood are divided into three 
main groups: lymphocytes, monocytes, and granulocytes. The granu- 
locytes are characterized by specific granules in their cytoplasm and, 
according to their staining reactions, are classed as neutrophils, eosino- 
phils, and basophils. 

Recent opinion holds that all leukocytes exert their main functions, 
‘not in the blood stream, but in the tissues. The blood is a means of 
transport of leukocytes. 

Lymphocytes. These cells are relatively numerous in the blood of 
most species of domestic animals. They are formed in lymphoid tissue 
(lymph nodes and nodules, spleen, etc.) and are in fact the main 
constituent of this tissue. They are believed to produce antibodies and 
to fix toxins. They are lost in large numbers by migration to the in- 
testinal and respiratory mucous membranes. They are not phagocytic 
(Bunting), that is, they do not have the power of ingesting and digest- 
ing particulate matter, such as bacteria and tissue detritus, with which 
they come in contact. They show ameboid motility. 

Monocytes. These cells occur in normal blood only to a limited -> 
extent. They are large and possess a single nucleus and a fairly abun- - 
dant, faintly granular cytoplasm. Motility is well developed. Being 
actively phagocytic, they are able to ingest foreign particles of almost - 
any sort. Their origin is probably from the cells of the reticulo- | 
endothelial system. : 

Granulocytes. Neutrophils are comparatively numerous in the ` 
blood of most animals. They have an abundant, finely granular cyto- _ 
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plasm, the granules staining with the so-called neutral dyes. The 
nucleus of these cells is generally divided into lobes or segments con- 
nected by filaments. Such neutrophilic cells are designated as seg- 
mented cells. They are the more mature forms. Those cells possessing 
a nucleus that appears as a curved or coiled band, rodlike or even 
deeply indented but without segmentation, are known as band cells, 
They are younger forms. oes 

Neutrophils are able to make ameboid movements and are actively 
phagocytic. They are formed in bone marrow from extravascular 
neutrophilic myelocytes. 

Eosinophils are large cells containing numerous large cytoplasmic 
granules that stain with acid dyes. The nuclei are less lobulated than 
those of neutrophils. They are normally seen only in small numbers. 
They originate from eosinophilic myelocytes of bone marrow. 

Basophils have cytoplasmic granules that stain with alkaline dyes. 
They occur in normal blood only to a small extent. Their function is 
not known. Phagocytic power is slight or absent. They are believed 
to be different from mast cells—so frequently found in the neighbor- 
hood of blood capillaries—though they resemble them histologically. 
Basophils originate from basophilic myelocytes of bone marrow. 

Evidence has been obtained (Steinberg and Martin) that a blood 
plasma factor, possibly an enzyme, is concerned in the expulsion of 
granular leukocytes from the bone marrow into the blood and into 
some of the organs (liver, spleen). 

Length of Life. There is little definite information regarding the 
length of life of leukocytes. However, they are generally believed to 
be short-lived. The average rate of disappearance of leukocytes from 
the blood of leukopenic cats which were transfused with blood from 
normal cats was such as to indicate that all the leukocytes could 
be replaced one and one-half times daily. This indicates an average 
length of life of about 16 hours (Lawrence, Ervin, and Wetrich). 

The lymphocyte output of the thoracic duct has been found to be 
large enough to replace the lymphocyte content of the blood in 10 to 
12 hours in the cat and 11.6 hours in the dog. 

The average survival time of mononuclear leukocytes in the blood 
of irradiated parabiotic rats was found to be 170 minutes, whereas 
the average survival time of the granulocytes was 23 minutes (Van 
Dyke and Huff). 

The reticulo-endothelial cells of the liver and spleen are probably 
concerned in removing dead leukocytes or their fragments that escape 
autolysis (Bunting). 
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Numbers. Leukocytes are enumerated per cubic millimeter of 
blood. Table 5 gives ranges of variation for animals. The first column 
of values in the table shows the range for the total leukocyte count, 
The other columns show the ranges of the values for the several classes 
of leukocytes. For the dog and cat these ranges are shown as per- 
centages of the total leukocyte count; for the other animals, as 
absolute values. The distribution of total leukocyte counts in normal 
dogs is shown in Fig. 10. 

Leukocytosis is a pathological increase in the number of any or 
all of the different classes of leu~ 
kocytes. Lymphocytosis is rare in 
domestic animals. Neutrocytosis 
or neutrophilia is seen in most 
acute bacterial infections (Coffin), 

Leukopenia is a decrease in 
the number of leukocytes. It may 
involve one or all of the classes of 
white cells. Leukopenia is seen in 
most virus diseases, for example, 
hog cholera (Kernkamp), the dis~ 
ease of cats known as panleu- 
kopenia or infectious enteritis 
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Fia. 10—Average leukocyte counts 
(thousands per cubic millimeter) in 
the blood of sixty normal dogs. (From 


Mayerson, Anatomical Record, pub- (Riser), and infectious canine 
lished by the Wistar Institute.) hepatitis (Coffin). 
THROMBOCYTES 


Thrombocytes or blood platelets are oval, disklike particles only 
2 to 4 microns in diameter. In young dogs Landsberg (1989) found an 
average blood platelet count of approximately 155,000 per cubic milli- 
meter. Most of the results fell in the range of 120,000 to 190,000, In 
adult dogs Buckwalter and co-workers found that the mean number 
of platelets was 383,000 per cubic millimeter of blood, with a standard 
deviation of 82,000. In the horse Stewart and Holman report a range 
of 110,000 to 300,000, with a mean of 176,000. An average platelet 
count of 422,000 per cubic millimeter, with a range of 200,000 to 
600,000, has been found in normal cats. The entire platelet mass of 
the cat appears to be replaced every two to five days. This was deter- 
mined on animals made thrombopenic by irradiation and then cross- 
circulated with norma) cats. The thrombopenie cats were then returned 
to their own circulations, and the rate of disappearance of the platelets 
was followed by periodic counts (Lawrence and Valentine). 

Platelets tend rapidly to agglutinate and disappear in drawn blood. 
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They are concerned in blood coagulation and thus in the stopping of 
bleeding. l 

Different views have been held from time to time regarding the 
origin of blood platelets. A widely accepted view (Sabin, 1922; Bunt- 
ing) is that they are particles of protoplasm which arise as fragments 
from the giant cells or megakaryocytes of bone marrow. These cells 
throw out long protoplasmic projections which, penetrating the blood 
sinuses of the bone marrow, fragment into platelets. The latter are 
then carried away with the blood current. It is not certain that this 
view accounts for all the platelets formed. Some work suggests that 
megakaryocytes of the lungs are a source. 

Thrombocytes cf birds and other submammalian forms are true 
nucleated cells. 

THE SPLEEN 


The spleen is the largest lymphoid organ in the body. However, its 
histology is more complex than that of lymphoid tissue generally. It 
has been compared histologically to a large hemolymph node. Many 
kinds of cells are found in the splenic pulp: reticulo-endothelial cells, 
splenocytes or pulp cells, and practically all kinds of blood cells. The 
spleen is abundantly supplied with blood, the course of which through 
the organ is peculiar. Capillaries are lacking in the ordinary sense, and 
blood passes right into the splenic pulp. It is then collected by the - 
venous sinuses, which are drained by veins whose union leads to the 
formation of the splenic vein. Recent work of MacKenzie and col- 
laborators supports this view that the open type of circulation is 
present in the spleen. They studied, by transillumination, the living . 
spleen in five species of small mammals. 

Functions. The functions of the spleen are not fully understood, . 
although many facts of importance are known. That the organ is not 
necessary for life is well established. Splenectomy has been success- 
fully performed not only on the small animals but also on horses, cat- 
tle, sheep, goats, and pigs (Quinlan, De Kock, and Marais; Gates). 
When the spleen is extirpated, other organs scon take over its functions 
or other adjustments are made, so that little or no disturbance of health - 
ordinarily results. Craige noted anemia in a cow following splenectomy. , 
Erythrocyte count, erythrocyte percentage volume, and hemoglobin . 
content of the blood all showed a decrease. The following summary of ` 


splenic function is based in part on the comprehensive review of > 


Krumbhaar. 7 
: 1. The spleen is an important reservoir for blood, which may be 


called upon under certain conditions, as during exercise, following `` 
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hemorrhage, in carbon monoxide poisoning, during the administration 
of certain anesthetics (chloroform, ether), and in emotional states. The 
spleen umfiergoes at least two kinds of rhythmic changes in sizes. One 
of these is a slow expansion and contraction; the other, a frequently 
recurring systole and diastole. These movements are probably related 
to its function as a blood reservoir. In giving up blood in the conditions 
just mentioned, the spleen undergoes strong contraction accompanied 
by vasoconstriction. In some species (horse, dog, cat) the blood com- 
ing from the spleen during this contraction is richer in corpuscles than 
the blood of the general circulation, whereas in others splenic contrac- 
tion augments only the blood volume. In animals of the first class the 
spleen must be able to concentrate blood coming to it by squeezing 
out plasma. 

' Itis doubtful that the spleen of the fowl serves as a blood reservoir 
(Sturkie}, and the spleen of man is believed not to be important in 
this respect. 

2. In the fetus the spleen is concerned in blood cell formation. In 
the adult it continues to form lymphocytes, monocytes, and possibly 
other cells, and its fetal activity of erythropoiesis can be resumed under 
certain pathological conditions. 

3. It is concerned in the destruction of erythrocytes. This is by 
virtue of its high content of reticulo-endothelial cells and its power 
of making red cells more susceptible to hemolysis, that is, more fragile. 
It has a very high iron content. 

4. By reason of its reticulo-endothelial cells it is believed to be 
concerned in antibody formation, and because of the presence of numer- 
ous lymphocytes it plays a part in the resistance of the body to certain 
infections. 

5. The spleen is of importance in the formation of bile pigment, the 
storage of iron, and possibly other phases of metabolism. 

Hemal nodes, found only in ruminants, are e similar į in structure and 
probably in function to the spleen. 


COMPOSITION OF BLOOD PLASMA 


Samples of plasma may be obtained from drawn blood in which 
coagulation has been prevented. Chemical analyses and other studies 
reveal that the composition of blood plasma is extremely complex, and 
this is to be expected when the varied functions of blood, of which 
plasma forms 55 to 70 volumes per cent, are recalled. As would be 
expected, there is much similarity in the chemical composition of blood 
plasma in the different mammals. Nevertheless, important quantitative 
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differences have been revealed. Following is 


constituents. 

Water 
Oxygen 

Gases Carbon dioxide 
Nitrogen 
Albumin 

Proteins Globulin 
Fibrinogen 


Glucose, lactate, pyruvate 


_ Fat 
Lipids . Lecithin 
; Cholesterol, et 


Amino acids 
Urea 

Uric acid 
Creatine 
Creatinine 
Ammonia salts 


Í Sodium 
Potassium 
Calcium 
Magnesium 
Iron 
Chloride 
Inorganic Sulfate 
substances Phosphate 
Manganese 
Cobalt 
Copper 
Zinc 
Iodine, ete. 


Nonprotein 
nitrogenous 
substances 


Small amounts or 
traces 


Enzymes, hormones, vitamins, pigments, ete. 


QUANTITATIVE DATA ON BLOOD COMPOSITION 


In recent years many studies on the composition of the blood of 
animals have appeared in the literature. Table 6 represents an attempt 
to interpret, evaluate, and summarize some of these studies. It was 
prepared by Dr. C. E. Hayden and is founded on his own work and 
that of numerous other investigators. It has been revised for this 
edition by Dr. Jesse Sampson. For additional information on the 
chemical constituents of blood, reference may be made to the books 
by Albritton (all species) and Sturkie (fowl). 
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50 PHYSIOLOGY OF DOMESTIC ANIMALS 
PLASMA PROTEINS 


Although the significance of several of the blood constituents has 
already been considered, a study of the significance of most of them 
will not be entered into in this chapter but will be deferred until such 
topics as respiration, absorption, metabolism, and the endocrine glands 
are treated. However, the plasma proteins may well be considered at 
this time. 

Several proteins have been identified in blood plasma, albumin, 
fibrinogen, and globulin, of which there are a number of fractions, 
Classifications of the globulin fractions vary. According to one system, 
based on the precipitation of protein fractions with salts, the globulin 
fractions are euglobulin and pseudoglobulin I and II. In another classi- 
fication, alpha, beta, and gamma globulins are recognized (Cohn). In 


TABLE 7. PLASMA PROTEINS 


Total a. Total 
~ Animal Plasma Fibrino- Serum Albumin | Globulin 
Protein gen Protein 
Shc gm. per gm. per gm. per gm. per gm. per 
Z os 100 ml. | 100ml. | 100ml. | 100 ml. | 100m. 
“S 
X y plasma plasma plasma plasma plasma 
Y Horse............ 6.84 0.34 6.50 3.25 3.25 
Fo Cow... cee 8.32 0.72 7.60 3.63 3.97 
Sheep............ 5.74 0.36 5.38 3.07 2.31 
~ Goat... cece eee 7.27 0.6 6.67 3.96 2.71 
Dog............. 6.72 0.52 6.20 3.57 2.63 
(OF: 7.58 4.01 3.57 


(Data from Albritton.) 


an electrophoretic study of the blood plasmas from twenty species of 
animals, including the domestic mammals and birds, Deutsch and 
Goodloe concluded that distinct species differences in the mobility, 
amount, and number of the protein components occur. In a given 
species, however, much greater constancy prevails. Table 7 gives data 
concerning the plasma proteins in domestic animals. According to 
Howe, “in man, sheep, goat, rabbit, dog, guinea pig, and rat the 
albumins predominate over the globulins whereas in the horse, hog, 
and cow the relative proportions of these two classes of proteins are 


- nearly equal or the globulins tend to be in excess of the albumins.” 


In newborn animals (foals, kids, lambs, pigs) it has been shown 
(Earle) that the euglobulin fraction of the plasma proteins is deficient 
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and that pseudoglobulin I is present only in very small amounts. 
Following the ingestion of colostrum these fractions show large in- 
creases in the blood owing to their absorption from the colostrum. In 
this way colostrum ingestion serves to increase the antibodies of the 
blood, for, as noted below, the antibodies are associated with the 
globulins. The absorption of globulins from colostrum may have other 
beneficial effects on the newborn. 

The serum of laying hens contains 5.40 + 0.71 gm. of protein per 
100 ml. That of cockerels and nonlaying hens contains less and that 
of chicks still less. The electrophoretic pattern of the serum of the 
laying hen showed a component not seen in the other groups. It is 
suggested that this fraction may be related to egg formation; it appears 
at the start of egg production (Brandt, Clegg, and Andrews). 

The reason why newborn animals of certain species lack globulins 
and therefore antibodies in the blood is that the placenta in these 
species is not permeable to these substances. 

Origin. Much evidence favors the view that the plasma proteins 
are formed in the liver (Madden and Whipple; Mann). Thus as re- 
gards fibrinogen, when the blood in the portal vein is diverted around 
the liver directly into the posterior vena cava by experimental anas- 
tomosis of these veins (Eck fistula), or when the liver ig removed or 
is poisoned or otherwise injured, the concentration of this protein in 
the blood is reduced. Although it is probable that the liver is the chief 
source of plasma protein, there is evidence that globulin, or some of 
the globulin fractions, originate extrahepatically (Berryman, Bollman, 
and Mann; Sabin, 1940). Evidence has been obtained that lymph 
nodes serve as a source of antibody globulin (Cope and Rosenfeld). 

Functions. The function of fibrinogen is better understood than 
are the functions of the other plasma proteins. When fibrinogen is con- 
verted into fibrin, the latter constitutes the essential part of the blood 
clot, within the meshes of which the red corpuscles are entrapped. 
Prothrombin, a protein component of the blood, is also concerned in 
blood coagulation (p. 52). Following are other functions of the plasma 
proteins: (1) The older view was that the plasma proteins furnish the 
protein requirements of the tissues, but with increasing knowledge of 
amino acid metabolism this view was largely discarded. There is now 
good evidence that plasma proteins given parenterally to dogs can 
supply all protein requirements of the body over long periods of time. 
This can be accomplished apparently without complete breakdown of 
the plasma proteins to amino acids (Yuile and co-workers). (2) They 
contribute to the viscosity of the blood and thus aid in maintaining 
normal blood pressure. (3) They exert a low but constant osmotic 
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pressure in the blood. Because they are colloidal and therefore non- 
diffusable, this osmotic pressure opposes the blood pressure in the 
capillaries and thus prevents undue passage of fluid into the tissues. 
The albumins account for nearly 80 per cent of the colloid osmotic 
activity of the plasma. This is because of their abundance and smaller 
molecular weight. (4) They influence the suspension stability of the 
blood (p. 20). (5) The antibodies of the blood are definitely associated 
with the plasma globulins; they can be separated from plasma in the 
gamma-globulin fraction. (6) The globulins aid in holding lipids and 
other substances in solution in the plasma. 


COAGULATION OF BLOOD 


The ability of the blood to clot or coagulate when drawn from the 
blood vessels is essentially a process of the plasma and is one of its 
most important properties. The physiological value of coagulation lies 
in the fact that it serves to seal injured blood vessels and thus to stop 
hemorrhage. The gross physical changes undergone by blood during 
clotting have long been recognized and are easily followed. At first 
the blood is perfectly fluid, but soon it becomes thicker and finally 
reaches the consistency of soft jelly. This soft mass gradually becomes 
firmer owing to shrinkage of the fibrin framework of the clot, and in 
shrinking there is pressed out of the clot a clear, watery fluid termed 
blood serum. This closely resembles blood plasma but differs from it 
somewhat in composition. In the clot the fibrin is deposited in the form 
of densely packed needles of ultramicroscopic size and crystalline ap- 
pearance. The fibrin needles are strengthened at their intersections by 
knots of intact platelets deposited there after the fibrin is laid down. 
In this way the platelets assist in making the clot firmer and more 
elastic. Clots formed in the absence of platelets lack firmness and show 
less contractility (Tocantins). 

In the spaces of the fibrin network the red cells are entangled. 
Leukocytes are also present to some extent, but, owing to their 
ameboid activity, they may migrate into the serum above. As a blood 
with rapidly settling erythrocytes undergoes coagulation, the upper 
part of the clot takes on a yellowish appearance and is known as the 
buffy coat. This part is composed principally of coagulated plasma, 
the corpuscles having largely settled out. It is often well defined in 
coagulated horse blood. 

The chemical or physicochemical changes occurring during clotting 
are complex, as researches have disclosed. There is still much difference 
of opinion as to the exact nature of some of these processes, although 
certain conceptions regarding the chemistry of clotting are widely ac- 
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cepted. It is generally recognized that fibrin, the essential part of the 
clot, is formed from the blood protein fibrinogen. Further, it is widely 
believed that the change of fibrinogen to fibrin is brought about by the 
action of a substance, not normally present in blood but formed when 
blood is shed, to which the name thrombin is given. The source of 
thrombin is an inactive substance in the blood, prothrombin, which is 
quickly activated when blood is shed. Evidence has been obtained that 
thrombin and its precursor prothrombin are carbohydrate-containing 
proteins (Seegers). Prothrombin occurs in the globulin fraction of the 
plasma proteins. It is formed in the liver. Vitamin K is necessary for 
its production but the way in which it acts in the formation of pro- 
thrombin is not clear. It probably does not become a part of the pro- 
thrombin molecule. It may be the prosthetic group of an enzyme con- 
cerned in the synthesis of prothrombin (Quick and Collentine). 

The manner of conversion of prothrombin to thrombin is variously 
explained in the different theories of blood coagulation, although cal- 
cium is recognized as playing a necessary part at this stage of clotting. 
According to the classical concept, calcium reacts with prothrombin 
in the presence of a substance, formed from injured tissues and the 
disintegration of blood platelets, called thrombokinase, thrombo- 
plastin, or thromboplastic substance. A product of the interaction of 
these three substances is thrombin. 

Howell, on the basis of his researches, held that calcium alone is 
capable of converting prothrombin to thrombin. This reaction is nor- 
mally prevented in the blood vessels because prothrombin is inacti- 
vated or bound by a substance called antiprothrombin. According to 
Howell, the action of thromboplastin is to break up the prothrombin- 
antiprothrombin combination and thus to release prothrombin. The 
latter substance then reacts with calcium to form active thrombin. 
Howell considered thromboplastin to be comprised, to a large extent, 
of the phospholipid cephalin. Other phospholipids also enter into the 
thromboplastin complex. Dougherty and co-workers (1949) have shown 
that an aqueous extract of bovine lung has a very high thromboplastic 
activity. 

Recent work reaffirms the classical view that a thromboplastic 
factor, as well as calcium, is necessary for the conversion of prothrom- 
bin to thrombin. Furthermore, it appears that the plasma itself is a 
source of thromboplastic factors (Ferguson, 1949). Natural plasma is 
deficient in available thromboplastic (phospholipid) factors. It is 
postulated that an enzyme, serum tryptase, is concerned in the release 
in drawn blood of phospholipid from protein combinations. The en- 
zyme is inactive in the blood stream but undergoes rapid activation 
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in drawn blood. This enzyme may also catalyze the interaction of pro- 
thrombin, thromboplastin, and calcium to form thrombin. More re- 
mote but important actions of the enzyme may be to cause clot re- 
traction and finally resolution of the clot by fibrinolysis. 

It is usually held that the activation of prothrombin is a catalytic 
(enzymic) process. An alternate view is that the activation takes place | 
stoichiometrically. 

Evidence has been obtained for the existence of an accelerator 
factor of importance in the conversion of prothrombin to thrombin. 
It appears to be a plasma globulin and is often designated as Ac- 
globulin. 

Most of the current theories of blood coagulation hold that a 
vasoconstrictor substance is released by platelet disintegration at the 
place of vascular damage. This substance presumably assists in the 
arrest of bleeding. 

Antithromboplastin and antithrombin are believed to be normal 
blood constituents and to be factors in the prevention of intravascular 
clotting. 

The principal changes occurring in blood coagulation are sum- 
marized in Fig. 11. This shows essentially the classical theory, but 
the actions of serum tryptase and Ac-globulin are also indicated. 

Several current theories of blood coagulation are clearly dia- 
grammed and summarized in the report, Standard Values in Blood, 
1952. 

Heparin. This anticoagulant substance was prepared from liver in 
Howell’s laboratory in 1916. Heparin is now available in purified form. 
It appears to be a polysaccharide of large molecular size containing 
nitrogen. It has been prepared from a number of tissues. The evi- 
dence indicates that it is produced by mast cells (tissue basophils). 
The anticoagulant action of heparin is complex and poorly under- 
stood. A modern suggestion is that it exerts its inhibitory action par- 
ticularly on the thromboplastic reactions. It also has antiprothrombic 
and antithrombic actions. It delays or prevents clotting in vivo or in 
vitro, but it is not certain that it normally functions in the blood 
stream as an anticoagulant. Heparin injections may be used clinicallv 
to prevent thrombosis and embolism. 

The anticoagulant powers of henarin. prepared in the form of its 
barium salt, are not the same in all species: dog, 10; ox. 5; pig. 2; 
sheep. 1. The chemical basis for the differences is not known (Jaques, 
Waters. and Charles). 

Defibrinated Blood. If blood during the clotting process is whipped 
or stirred with a bundle of twigs or fine rods, or is shaken with glass 
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Fic. 11—A generalized theory of blood coagulation, based principally on the 
classical theory but with several additions. The changes at 1 represent the pre- 


liminary phase; at 2, the conversion phase; and at 3, the clotting phase. (From 
a diagram prepared by Dr. A. D. Rankin.) 


beads, the fibrin will deposit as a spongy mass on the stirrer or as a 

shredded mass among the beads. Blood from which the fibrin has been 

so removed is known as defibrinated blood. It is composed of serum, 

erythrocytes, and leukocytes and resembles normal blood, although of 

course it cannot clot again. It went through the chemical changes of 
_ clotting while being stirred or shaken. 

Coagulation Time. The time required for blood to coagulate varies 
widely in different species and somewhat even in animals of the same 
species. In all cases marked variations can be induced by varying 
conditions under which the blood is kept after being shed. Amendt 
gives coagulation times at 25°C. (with Biirker’s method) as follows: 


. minutes minutes 
Fowl pot 4% Goat 2% 
Rabbit a, 4 Ox . . 61% 
Dog a 2% Horse 11% 
Pig - 31% Man 5 


Sheep 21% Cat 1-3 (Hartman) 
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The skin bleeding time is the time required for bleeding to stop 
after puncture of the skin, The blood is blotted away every 30 seconds * 
or the wound is immersed in physiological salt solution. 

The prothrombin time is a measure of the clotting time of plasma 
to which an excess of thromboplastin has been added so that this 
coagulation factor will not be a limiting one in the test. Since oxalated 
plasma is used, calcium chloride is also added to the plasma in the test. 
The longer the clotting time, the smaller is the prothrombin concen- 
tration, It is now held that the prothrombin test is not a specific meas- 
ure of prothrombin concentration but includes other processes in blood 
coagulation. The range of variation of normal prothrombin time of 
dogs is 9 to 12 seconds (Mann, Shonyo, and Mann). In sheep 
Dougherty and co-workers (1949) have observed a range of 13 to 25 
seconds. The prothrombin time of newborn pups is prolonged during 
the first 48 hours of life and that of newborn lambs during the first 
72 hours. Low levels of plasma fibrinogen are also found in both, but 
adult levels are reached after one day in the dog and three days in the 
lamb (Field, Spero, and Link). 

Factors that Hasten Clotting. Some of the ways by which clotting 
may be accelerated are as follows: (1) Increasing the contact with 
foreign matter, as by the use of gauze packs or tampons in surgical 
practice or shallow containers for drawn blood. A foreign surface is be- 
lieved to upset the stability of the colloidal state of the plasma and 
thus set up the thromboplastic reactions. (2) Increasing the tempera- 
ture to which the blood is exposed. (3) Gently agitating the blood. 
(4) Adding thrombin to the blood. In surgical practice hemostasis may 
be aided by the use of a solution of thrombin, This may be applied 
directly to the bleeding area or it may be soaked into an absorbable 
carrier made of fibrin foam or gelatin sponge. Thrombin of bovine 
origin is commonly used. Since it is employed topically, there is little 
or no danger of sensitization of the patient. Thrombin must not be 
given by injection. Gelatin sponge is nonantigenic, and when implanted 
into tissues it disappears by absorption. It is less expensive than fibrin 
foam. (5) An absorbable cellulose product known as oxidized cellulose 
may be prepared from cotton, gauze, thread, paper, and the like. 
When implanted into a bleeding wound it absorbs blood, forms a gel, 
and aids in hemostasis. It is relatively nonirritating. (6) The appli- 
cation to the bleeding surface of tissue extracts containing thrombo- 
plastic substances may be helpful. Subcutaneous injection of such 
material is sometimes made, but there is some danger of unfavorable 
reaction. 

Factors that Prevent Clotting. Clotting may be prevented in a 
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number of ways, such as: (1) The addition of a soluble oxalate to the 
blood to the extent of about 0.2 per cent of the blood. This forms a non- 
ionizable compound with calcium and may have other anticoagulant 
action. (2) The use of sodium fluoride in an amount sufficient to cause 
its concentration in the blood to be about 0.4 per cent. It is believed 
that fluorides act similarly to oxalates, but it is possible that they also 
prevent the disintegration of the blood platelets. (3) The addition of 
sodium citrate to the blood. The precise way in which citrates act to 
prevent clotting is unknown. Forming a nondissociable compound with 
calcium is believed to be a part of their action, They may also have 
an antiprothrombic action. Oxalates and fluorides are too toxic for 
use in blood intended for intravenous injection. Sodium citrate in the 
amount usually used clinically is generally safe. However, Ivy and co- 
workers point out that when a large amount of citrated blood or 
citrated plasma is to be given, as after massive hemorrhage, the 
toxicity of the citrate must be considered. Their work on dogs indicates 
that a total dose of 1.5 gm. of sodium citrate per 10 pounds of body 
weight may be fatal. In some cases even smaller doses were lethal. 
The work of Roberts on horses suggests toxicity of the same order in 
this species. Sodium citrate in doses of 60 to 90 gm. intravenously pro- 
duced severe physical symptoms. (4) Heparin may be used in vitro 
or in vivo to prevent or delay coagulation. It is apparently nontoxic. 
(5) Hirudin (from the leech) prevents or delays coagulation, possibly 
by inactivating thrombin. (6) Peptone injected into the blood stream 
prevents clotting, apparently by causing an increased production of 
heparin. However, peptone causes a severe fall in blood pressure and 
the development of a shocklike state. (7) Water-wettable surfaces pro- 
mote clotting, probably by absorbing inhibitory substances from the 
plasma and by favoring the rupture of platelets. Needles, glassware, 
cannulas, and the like may be coated with silicone to form a non- 
wettable surface and thus to retard clotting. Paraffin has long been 
used for this purpose. Plastic tubes or containers similarly retard 
clotting. The internal surface of the blood vessels may act in a similar 
way. 

Anions of high valency are believed to prevent coagulation by acting 
on thrombin; cations of high valency, by affecting fibrinogen (Smith, 
1942). 

Sweet-Clover Disease. The feeding of spoiled or damaged sweet- 
clover hay or sweet-clover silage may cause the death of cattle or 
sheep from hemorrhage preceded by a gradual increase in the coagu- 
lation time of the blood. The disease usually ends in death due to 
hemorrhages into the tissues or from accidental or surgical wounds. The 
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work of Roderick shows that the delayed coagulation is caused by a 
progressive decrease in the amount of prothrombin in the blood. The- 
blood calcium level and the platelets are unaffected. Intravenous 
injection of freshly defibrinated blood from the normal animal usually 
results in recovery. 

The hemorrhagic agent in improperly cured sweet-clover hay has 
been shown to be dicoumarol (Dicumarol), C1.H,,0.. The synthetic 
product when fed to animals of various species will lower the pro- 
thrombin level and produce a hemorrhagic condition typical of sweet- 
clover disease (Stahmann, Huebner, and Link; Link). The evidence 
indicates that dicoumarol depresses the production of prothrombin by 
preventing the utilization of vitamin K by the liver. It is apparently 
a vitamin-K antagonist. The hypoprothrombinemia of dicoumarol 
poisoning can be relieved to some extent by the feeding of vitamin K. 

Other coumarin compounds with anticoagulant properties have 
been prepared (Seegers, 1951). 

A Bleeding Disease in Swine. A bleeding disease occurring in a 
strain of swine has been described by Hogan and co-workers, Bogart 
and Muhrer, and Mertz. The affected animals may bleed to death 
from slight wounds or from apparently spontaneous hemorrhages. The 
disease is much like the condition in man known as hemophilia. In 
swine, however, both sexes have the defect and both transmit it, 
whereas in man hemophilia affects only males and is transmitted only 
through females. The whole-blood coagulation time and the saline 
bleeding time are greatly prolonged. The blood platelets are normal 
in number, but they disintegrate more slowly than normal. Capillary 
resistance, measured by a suction device applied to the intact skin, 
is abnormally low, and there is evidence of other blood-vessel defects. 

Hemophilia in Dogs. A bleeding disease in a family of dogs has 
been reported by Field, Rickard, and Hutt. The tendency to bleed 
appeared only in males and was transmitted as a sex-linked, reces- 
sive character. The coagulation time was greatly prolonged, but the 
bleeding time, clot-retraction time, prothrombin time, and platelet 
count were normal. The authors concluded that the condition was 
hemophilia. Further studies of this condition have been made (Graham 
and co-workers). The coagulation defect appears to be caused by a 
deficiency of a plasma factor that normally, in the presence of platelets, 
makes thromboplastin available in the clotting process. The clotting 
defect appears to be identical with that seen in human hemophilia. 
Transfusions with normal blood or plasma had a corrective action 
on the clotting defect. Normal and hemophilic serums were ineffective. 
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BLOOD VOLUME 


It is impossible to determine the volume of blood in the body 
merely by bleeding the animal to death, for much blood is left in the 
blood vessels even after the animal dies of hemorrhage. The blood 
vessels must therefore be washed out thoroughly and the amount of 
__blood represented by the washings must be added to that removed by 
bleeding. This gives the total amount of blood in the body, which may 
be expressed as a percentage of body weight. Such is essentially the 
method of Welcker. It is also known as the direct, or wash-out, method. 
Some average blood volume values (expressed as a percentage of body 
weight) obtained by this method are as follows (Reichert and Brown): 


Horse S -7 97 Dog 7.2 
Bullock e oo 77 Cat 6.5 
Sheep . oo 80 Rabbit — 6.2 
Goat 62 Birds 8.0 


By an improved Welcker method Barlow and Biskind found the 
blood volume of pigeons to be 6.5 per cent of the body weight. 

Numerous indirect or bloodless methods of estimating blood volume 
. have been devised. In the usual indirect methods one determines (1) 
the plasma volume by injecting a foreign substance (dye) into the 
blood and estimating the dilution which it has undergone in the plasma 
or (2) the erythrocyte volume (a) by injecting a substance which 
becomes incorporated into the erythrocyte mass in vivo (for example, 
radioactive phosphorus) or (b) by injecting red cells previously tagged, 
either in vitro with radioactive phosphorus or methemoglobin, or in 
a donor animal with an isotope of iron, and measuring the dilution 
' undergone by the tagged erythrocytes. 
' Having measured the plasma volume or the erythrocyte volume 
by a dilution method, one calculates blood volume by use of the ratio 
of plasma and erythrocytes as determined by a hematocrit reading. 

If it is the plasma volume that has been determined, the blood 
volume is calculated as follows: 


Plasma volume X 100 


Blood volume = - 
Plasma per cent (hematocrit) 


The cell volume can also be calculated: 


. Plasma volume X cell per cent (hematoerit) 
Cell volume = 


Plasma per cent (hematocrit) 


If it is the red cell volume that has been determined by means of 
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tagged erythrocytes, blood volume and plasma volume are calculated 
by the same principles. ~ 

In modern work the dye commonly used in plasma~volume meas- 
urements is the blue dye T-1824. 

Discrepancies between blood volumes determined by plasma dye 
methods and blood volumes determined by tagged erythrocyte meth- 
ods have been reported. Blood volume estimates in dogs and rabbits 
by bleeding and dye methods, applied concurrently, have been made 
by McLain, Ruhe, and Kruse. The dye methods yielded higher re- 
sults. Discussions of the various differences observed are given. Dis- 
cussions and criticisms of blood volume methods are given by Wintrobe 
(1951), by Wiggers (1949), and by Sjöstrand. The last author de- 
scribes an improved carbon monoxide method for determining blood 
volume. 

Using a dye method in cattle, Miller obtained an average blood 
volume of approximately 6.7 per cent of body weight. Using the same 
method in sheep, Baker obtained an average value of approximately 
6.8 per cent. 

In growing dairy cattle Turner and Herman, using a dye method, 
found an average blood volume of 5.81 per cent of body weight; in 
nonlactating cows, 6.38 per cent; and in lactating cows, 8.11 per cent. 
The plasma values were 3.5, 3.78, and 4.92 per cent, respectively, By 
the “drain-out” method the average blood volume was found to be 4.13 


Blood volume (c.c.) 


5 10 15 20 25 
Body weight (kg.) 


Fig. 12—Relation between volume and body weight in dogs. 
(From Courtice, Journal of Phystology, 1948, 102.) 
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Blood volume (c.c.) 


15 20 25 30 35 4 45 50 55 60 65 70 
Body weight (kg.) 


Fig. 18—Relation between blood volume and body weight in goats. 
(From Courtice, Journal of Physiology, 1943, 102.) 


per cent of body weight. This low value is explained by the fact that 
all the blood of the body cannot be recovered by the drain-out method; 
the heart stops while there is still a good deal of blood in the body. 

By use of the dye T-1824, Courtice estimated the blood volume in 
a number of normal rabbits, dogs, goats, and horses. The mean values 
are, respectively, plasma volumes, 50, 54, 53, and 51 ml. per kilogram 
of body weight; blood volumes, 70, 79, 70, and 72 ml. per kilogram. 
The blood yolume in these animals, varying greatly in size, was found 
to be proportional to the body weight and not to the body surface 
area. The values for dogs and goats are shown in Figs. 12 and 13. Four 
highly trained greyhounds had much higher blood volumes due to 
greater cel] volumes. 

With the same dye Bonnycastle determined plasma volume, blood 
volume, and total available fluid in normal dogs and also summarized 
the results of other investigators. Most of the results on total blood 
volume (ml. per kg.) are ‘somewhat higher than those reported by 
© Courtice. 

Hahn has prepared a chart from which the red cell mass (in ml.) 
of dogs can be estimated if the jugular hematocrit value and the body 
weight are known. 
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Blood volume measurements in swine have been made by the 
labeled erythrocyte method, the red cells being marked in vitro with 
P*? (Hansard and co-workers}. The average blood volume obtained for 
all the pigs, ranging in weight from 8 to 370 pounds, was 7.4 ml. per 
100 gm, of body weight. The larger animals had smaller values, there ` 
being a regular decrease in values in animals ranging in weight from . 
10 to 344 pounds. Probably the increased amount of fat in the bodies 
of the larger animals accounts for this. 

Blood volume determinations in chickens have been made by use 
of T-1824 (Newell and Shaffner). The blood volume of females was 
found to increase in straight-line relation to body weight between 400 
and 1200 gm. Above 1200 gm. the increments of body weight were 
accompanied by smaller increments of blood. This caused a leveling 
off of the curve expressing the relationship between blood volume and 
body weight. In male birds this leveling off did not occur. The ex- > 
planation of the difference probably lies in the fact that male birds 
do not deposit as much fat in the body as do the females. In young 
chickens of either sex the blood volume was about 10 per cent of body 
weight. These same investigators measured blood loss by chickens 
during the bleeding phase of the killing operation. They found blood 
losses between 35 and 50 per cent of the total blood in the body. 

Using a dye method, Pappenheimer and co-workers studied plasma 
and blood volumes in chicks ranging in age from 1 to 50 days. In nor- 
mal chicks the average plasma volume was 5.5 ml. per 100 gm. of body 
weight; the average blood volume, 8.3 ml. per 100 gm. In chicks show- 
ing the disease known as nutritional encephalomalacia, plasma and 
blood volumes were not significantly affected. 

The volumes of blood, plasma, and corpuscles per kilogram of body 
weight of lambs at different ages are shown in Fig. 14. The changes in 
the volume of blood, plasma, corpuscles, and other factors in a preg- 
nant sheep are shown in Fig. 15. 

The blood volume of birds is discussed in the book by Sturkie. 

Blood Loss. Hemorrhage in dogs up to 2 per cent of body weight, - 
or about 25 per cent of the total blood volume, usually causes no | 
serious physiological effect (Meek and Eyster). Ivy and co-workers 
studied the effect of massive hemorrhage on dogs (with local anes- 
thesia) by inserting a glass cannula into the central (heart) end of a 
carotid artery and letting the animals bleed as much as they would. 
Bleeding ceased in 7 to 15 or 20 minutes. Under these conditions the 
dogs lost 45 to 67 per cent of their estimated total blood volume. Most 
of the dogs so treated (85 per cent) died unless the blood loss was 
replaced by injections of blood or plasma volume expanders. It is remark- 
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Fic. 14.—Volumes of blood, plasma, and corpuscles per kilogram of body weight at 
different ages. Lambs. Ordinates, ml./kg. body weight. Abscissa, age in days. Note 
that the fluctuations of the plasma are greater than those of the corpuscles. (Re- 
drawn and slightly modified from Gotsev, Journal of Physiology, 1938-39, 94.) 


able, however, that 15 per cent of the dogs losing such large amounts 
of blood survived without transfusions. This means that an occasional 
dog can suffer a blood loss equal to two-thirds of the estimated blood 
volume and recover without transfusion. 

The variability and unpredictability of the arterial bleeding volume 
of different dogs has been emphasized by Wang and co-workers. In 
the same dog it is remarkably constant, as determined at two differ- 
ent bleedings a week apart. The average bleeding volume for the first 
bleedings was 59.7 per cent of the measured blood volume and for the 
second bleedings 60.4 per cent. The range was 41.5 to 73.8 per cent. 
Expressed as a percentage of body weight, the bleeding volume was 
found to average about 5.7 per cent. In additional studies Wang and 
Walcott found that general anesthesia did not significantly change 
the second bleeding volum2 as compared to the first done under local 
anesthesia. 
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Fig. 15—Total blood volume, hematocrit readings, plasma volume, cellular volume, 
and body weight of a pregnant sheep. Note the rise in blood volume and plasma 
volume as pregnancy advances. The cellular volume falls slightly; hence the 
_increase in blood volume is accounted for by an increase in plasma volume. 
(Redrawn and slightly modified from Barcroft, Kennedy, and Mason, Journal of 
Physiology, 1939, 95.) 


The maximum degree of acute hemorrhage that the (anesthetized) 
rat can tolerate is about 3.5 per cent of body weight (Zweifach, Lowen- 
stein, and Chambers). 

Plasma Volume Expanders. When the volume of the circulating 
blood is reduced, as after hemorrhage and during shock, the best 
single agent for replacement therapy is whole blood. Because whole 
blood may not be available, especially in emergencies, search has been 
made for “blood substitutes” or, more accurately expressed, “plasma 
volume extenders” or “plasma volume expanders.” 

Tsotonie sodium chloride solution (0.9 per cent) has been exten- 
sively studied in this connection. While this solution is inferior to the 
colloidal plasma volume expanders, recent work shows that the in- 
fusion of large amounts of saline (15 to 20 per cent of body weight), 
as after massive hemorrhage, has definite value. The diluting effect of 
saline on the plasma proteins, thereby tending to cause the passage of 
an excessive amount of water from the blood into the tissues, is not 
now regarded as being as serious an objection to the use of saline 
intravenously as was formerly thought. Ivy and co-workers showed 

_ that injections of 0.9 per cent of sodium chloride into dogs after severe 
blood loss caused a significant reduction in mortality as compared with 
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the untreated group. Reynolds has confirmed the favorable effects of 
injections of large amounts of isotonic saline after severe hemorrhage 
in dogs and has analyzed the accompanying circulatory changes. 

Hypertonic saline and glucose solutions are also used, but there 
is no certainty that the strong glucose solutions sometimes employed 
(35 per cent or more) in cases of reduced blood volume have any 
advantage over isotonic glucose solutions as plasma volume ex- 
panders. 

Because of the larger size of their molecules, colloids pass through 
the capillary endothelium less readily than crystalloids and therefore 
hold water in the blood vessels by reason of their osmotic pressure 
(p. 69). A number of colloidal solutions have been studied as plasma 
volume expanders, Acacia, pectin, oxypolygelatin, and the glucose 
polysaccharide dextran, each in saline, are examples. Dextran has 
been extensively studied recently and its use is increasing. A 6 per ` 
cent solution in saline is employed. Part of the injected dextran is 
excreted in the urine and part is apparently metabolized after con- 
version to substances normally found in the body. 


. = Chapter III 


` LYMPH; CEREBROSPINAL FLUID; 
SYNOVIAL FLUID 


N MOST places in the body the blood vascular system is closed, the 
I blood itself not coming into direct contact with the tissue cells. 
Their nutrition is maintained through the intermediation of a fluid 
formed from the blood and termed tissue fluid. This fluid has been 
described as a middleman between the blood and tissues. It enables 
oxygen and nutrient materials to pass from the blood to the tissues and 
carbon dioxide and other waste products to pass from the tissues to the 
blood. Fluid in the tissue spaces may be returned to the blood capil- 
laries directly, or it may be drained away as lymph by a system of 
lymph channels. These begin in the tissues as blind lymph capillaries, 
similar in structure to blood capillaries. By the convergence of lymph 
capillaries, smaller lymph vessels are formed, and these in turn unite 
to form larger lymph vessels. The structure of lymph vessels is similar 
to that of veins, although the former have thinner walls. Ultimately 
all lymph vessels drain into either the thoracie duct or the right lym- 
phatic duct, which empty into the venous system anterior to the heart. 
Lymph from the right side of the head and neck, the right foreleg, and 
the right side of the thorax is returned to the venous system by the 
right lymphatic duct; that from the rest of the body, by the thoracic 
duct. Upon entering the blood the lymph becomes a part of the blood, 
its identity as lymph being lost. 

As is discussed elsewhere (Chapter VII), many of the blood vessels 
of the body are under motor control. The thoracic duct is also under 
motor control. Acetylcholine causes a constrictor effect on the duct, 
adrenaline a dilator effect. Stimulation of the vagus nerve causes, like 
acetylcholine, a constrictor effect (Acevedo). 

Function of Lymph Nodes. Lymph on its way to the blood stream 
via the system of lymph vessels apparently must pass through at 
least one lymph node. In many instances more than one node is 
encountered. It is generally agreed that lymph nodes have at least 
two functions. One of these is the production of lymphocytes, of which 
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the lymph nodes contain large numbers. These cells are added to the 
lymph current as it slowly passes through the node. Lymph contains 
very few cells until a lymph node is traversed. 

Another function of lymph nodes is to stop foreign material that 
comes to them in the lymph. This filtration is believed to be accom- 
plished mechanically and by the phagocytic activity of the reticulo- 
endothelial cells. Experiments of Drinker, Field, and Ward indicate 
that normal lymph nodes are very efficient filters. This was determined 
in anesthetized dogs by perfusion of nodes with solutions containing 
erythrocytes and streptococci. The “efficiency was so great as to make 
it fairly certain that in a part kept at rest early in an infection 
practically no microorganisms would escape the nodes in the line of 
drainage.” 

In gallinaceous birds and pigeons lymph nodes are absent. In swim- 
ming birds they are present but not numerous. The bone marrow of 
birds contains numerous nodules of lymphoid tissue, apparently to 
compensate for the absence of lymph nodes in these species (Jordon). 
These medullary lymph nodules increase in number following splen- 
ectomy (Jordon and Robeson). 


INTERSTITIAL, EXTRACELLULAR, AND 
INTRACELLULAR FLUIDS 

Tissue fluid and lymph make up what is termed the interstitial 
fluid. Blood plasma and interstitial fluid comprise the extracellular 
fluid of the body. Blood plasma makes up about 5 per cent of the body 
weight and interstitial fluid about 15 per cent. In addition, there is 
the very important intracellular fluid, that found within the cells 
themselves. It makes up about 50 per cent of the body weight. Thus 
the total body fluids account for some 70 per cent of the body weight 
(p. 471). 

COMPOSITION OF LYMPH 

Although in these discussions tissue fluid and lymph proper, that is, 
the fluid in the lymph vessels, are assumed to be of the same composi- 
tion (Drinker and Yoffey), there is no proof that such is the case. The 
dificulty involved is not that of obtaining samples of lymph. These 
can be collected by insertion of a cannula into the thoracic duct or 
other lymph vessel. The problem is one of obtaining a sample of pure 
tissue fluid under perfectly normal conditions. Many attempts have 
been made, but it is difficult to be certain that the sample obtained is 
not contaminated with other fluids. The work of Maurer on the isola- 
tion and analysis of extracellular muscle fluid may be cited. 

Lymph, derived largely from the blood, is similar in compvusition 
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to blood plasma. The plasma of the blood passes through the thin wall 
of the blood capillaries, enters the tissue spaces, and becomes tissue ~ 
fluid or lymph. The cells of the tissues themselves also contribute some- 
what to the composition of lymph, for there is interchange between the 
intracellular fluid and the tissue fluid. In this way the cells rid them- 
selves of waste products of metabolism and absorb foodstuffs. 

The composition of lymph varies with the state of activity of the 
digestive organs; lymph derived from the intestine during fat absorp- 
tion has a milky appearance because of the fat that it contains and 
is known as chyle. Ordinarily lymph is a clear, colorless, watery liquid 
having a specific gravity of about 1.015. It contains a few red cells 
normally, and lymphocytes are present. The latter cells are more 
abundant in lymph that has passed through lymphoid tissue. Whether 
or not monocytes are present is uncertain. Neutrophilic leukocytes are 


TABLE 8. PROTEIN CONTENT oF BLOOD SERUM AND LYMPH 


Protein (gm. per 100 ml.) 
Species Source of Lymph 
Serum Lymph 

Lamb............... Cervical lymphatics 5.81 3.64 
Dog....--. cece Thoracic duct 6.25 4.00 
Dog....... 2... ee eee Cervical lymphatics 6.25 3.63 
Dog..............-. Leg lymphatics 6.46 1.91 
Dog...........0--0- Intestinal lymphatics 6.23 3.98 
Dog.........--0000- Liver lymphatics 6.34 5.32 
Rabbit.............. Thoracic duct — 3.53 
Monkey............ Cervical lymphatics 5.12 3.48 
Man................ Deep pelvic lymphatics 7.8 5.5 


(Data from Drinker and Yoffey.) 


ordinarily absent; however, they may be present in great numbers in 
infections. Platelets are said to be absent; nevertheless lymph will 
clot, though feebly. The liquid part after clotting has occurred is desig- 
nated as lymph serum. Lymph contains water, gases, proteins, non- 
protein nitrogenous substances, glucose, inorganic substances, hor- 
mones, enzymes, vitamins, and immune substances. The proteins are 
the same in kind as in blood plasma but the amount is less. This is 
especially true of lymph from the limbs, for the capillary walls in 
these regions are less permeable to the blood proteins than in other 
regions. The protein content of lymph from different species and differ- 
ent lymphatics is shown in Table 8. Values are also given for the pro- 
tein content of blood serum. 


A study has been reported of the rate of flow and the normal _. 
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composition of the lymph from the forelegs of calves. The percentage 
of protein in the blood serum varied from 5.4 to 6.7, in the lymph from 
2.2 to 3.1 (Glenn, Muus, and Drinker). 

Since lymph is formed from blood by physical forces, one would 
expect to find the crystalloid content of lymph and of blood plasma 
to be very similar. Analyses reveal that this is true. There are some 
small quantitative differences, however, in the electrolyte pattern 
which are determined by the lower protein content of lymph. Thus 
lymph shows higher chloride and bicarbonate concentrations than does 
serum (Drinker and Yoffey). It is probable that these differences are 
explainable in terms of the Donnan equilibrium. The freezing point of 
lymph is substantially the same as that of blood serum. The pH of 
lymph (cervical) is slightly higher than that of plasma. 


FORMATION OF LYMPH 


Two principal views have been held regarding the mechanism of 
lymph formation. One is a physical view and the other may be desig- 
nated as a secretory or physicosecretory view. Modern opinion and evi- 
dence are decidedly in favor of the physical view. According to this 
the known facts regarding the formation of lymph can be explained 
on the basis of hydrostatic, osmotic, filtration, and diffusion pressures, 
and probably other physical or physicochemical processes. Few modern 
physiologists find it necessary to assume a secretory activity of the 
capillary or tissue cells in lymph production. Practically all workers 
feel that further progress will come along the physical or physico- 
chemical pathways. The basis of our present concepts regarding the 
formation of lymph may be found in the researches and writings of 
Starling, Bayliss, Krogh, McLean, Landis, Drinker and co-workers, 
and others. 

The hydrostatic pressure in the capillaries is the capillary pressure, 
and it is an important force in the exchange of fluid between the 
blood and the tissue spaces. At the arterial end of the capillary, the 
capillary pressure is equal to some 35 mm. Hg, whereas at the venous 
end it has fallen to perhaps 15 mm. Hg. Capillary pressure tends to 
drive water and dissolved substances through the capillary wall, but 
it is counteracted to a large degree by the osmotic pressure of the 
plasma proteins. These, because of their large molecular size, cannot 
readily pass through the capillary wall. Crystalloids, such as inorganic 
salts, urea, glucose, and other small molecules, easily pass through the 
membrane and therefore do not exert an effective osmotic pressure 
within the capillary. The pioneer work of Starling and the subsequent 
researches of other investigators have shown that the plasma proteins 
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possess a low but relatively constant osmotic pressure of about 22 mm, 
Hg It has been calculated that nearly 80 per cent of the colloid osmotic 
pressure of the blood is due to the albumins, which are more abundant 
and of smaller molecular size than the globulins (Cohn). The osmotic 
. pressure of the plasma proteins increases slightly as the blood traverses 
the capillary because water passes out and the concentration of the 
protein therefore rises. 

In arriving at a conception of the operation of hydrostatic and 
osmotic pressures in lymph production, account must be taken not 
only of these pressures within the capillaries but also of the same 
© forces in the interstitial spaces. In these spaces there is a small hydro- 
static pressure known as the tissue pressure. Attempts to determine 
the magnitude of this pressure have not been very successful. In sub- 
cutaneous tissues it apparently ranges from 0 to 6 mm. Hg. Intra- 
muscular pressure during muscular contraction may be much higher 
(Wells, Youmans, and Miller; see also p. 700). Intramuscular pressure 
in anesthetized dogs has been recorded at 4 to 5 mm. Hg. 

Permeability of the capillary wall to the plasma proteins is not 
the same in all situations in the body and under all conditions, Liver 
capillaries appear to be especially permeable, whereas limb capillaries 
are much less so. As a result of this differential permeability, a vari- 
able amount of protein passes through the capillary wall into the tissue 
spaces. The magnitude of the osmotic pressure exerted by this protein 
obviously varies with the protein content of the tissue fluid, but a value 
of 8 mm. Hg may be taken for illustration. As to changes in the 
permeability of the wall of individual capillaries, not a great deal of 
positive information is available. Products of metabolism entering 
the capillaries are thought to enhance their permeability, and dilata- 
tion of the capillaries, however brought about (p. 213), would doubt- 
less increase their permeability. 

The relation of these various pressures at the arterial and venous 
ends of the capillary may be summarized as in Table 9. Filtration 
therefore occurs at the arterial end of the capillary and absorption 
at the venous end. 

Hemorrhage causes a lowering of the capillary pressure but not 
the osmotic pressure of the blood colloids. This is believed to be an im- 
portant factor in determining increased absorption from the tissues 
into the blood after blood loss. Physiological salt solution injected into 
the blood stream, as after hemorrhage, increases the capillary pres- 
sure while lowering the osmotic pressure of the plasma proteins. 
Increased filtration results. This is the reason why physiological salt 
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TABLE 9. INTERCHANGE BETWEEN BLoop and TissuB FLUID 
Blood Tissue fluid 


\ 


Capillary pressure =35 mm. Hg | Tissue pressure =5 mm. Hg 


Effective hydrostatic pressure 
(35 —5) =30 mm. Hg —|-> 


Osmotic pressure =22 mm. Hg Osmotic pressure =8 mm. Hg 


Arterial end 
of capillary 


Effective osmotic pressure 
(22-8) =14mm.Hg  —|—— 
Filtration force (80 — 14) =16 mm. Hg 


Capillary pressure =15 mm. Hg | Tissue pressure =5 mm. Hg - 
a 


Effective hydrostatic pressure 
(15 —5) =10 mm. Hg ——~|— > 


Osmotic pressure =25 mm. Hg Osmotic pressure =8 mm. Hg 


Venous end 
of capillary 


Effective osmotic pressure 
(25—8) =17 mm. Hg <—_|_— 
Absorbing force (17 — 10) =7 mm. Hg 


solution is not as well retained in the vascular system as are solutions 
‘containing colloidal material. 


Another factor in lymph production is tissue activity. This involves 
the breaking down of large molecules into numerous smaller ones. 
These diffuse into the tissue spaces and increase the diffusion pressure 
of the tissue fluid. This causes diffusion currents to be set up from the 
blood to the tissues, with the result that the amount of the tissue 


fluid is increased. 


Modern studies of capillary permeability and the passage of mole- 
cules through capillary walls emphasize the importance of diffusion 
in the interchanges that go on between the blood and tissue fluid. Dif- 
fusion is held to be the principal way whereby small molecules (water, 
NaCl, urea, glucose) are exchanged between plasma and tissue fluid. 
Extremely rapid rates of transfer have been observed by the use 
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of tracer technics. For example, by use of deuterium oxide as a tracer 
for water movement, it has been shown by Fogelman and co-workers 
that “a dog weighing 10 kg. and having 7 liters of body water would 
exchange 570 gallons or 18.4 barrels of water across its capillary 
surface in either direction per day.” Studies such as these are requiring 
a reassessment of our ideas on the passage of molecules through the 
capillary membrane and may lead to modifications of the traditional 
concepts of the importance of filtration and absorption in this process. 
Probably filtration and absorption, dependent upon the difference be- 
tween hydrostatic and osmotic pressures, account for bulk flow across 
_ the capillary membrane (that is, flow in which water and solutes exist 
in the same proportion as in plasma), whereas diffusion may be the 
main way in which small molecules are transported. Further informa- 
tion may be obtained from other sources (Pappenheimer; Pinson; 
Flexner, Cowie, and Vosburgh). 


FLOW OF LYMPH 


Tissue fluid is in communication with the blood in the capillaries, 
the intracellular fluid, and the lymph in the lymph capillaries. The 
latter remove from the tissue spaces materials that do not or cannot 
enter the blood capillaries. Water and crystalloids can move either 
way. Particulate matter and large molecules such as proteins and lipids 
cannot enter the blood capillaries but can penetrate the much more 
permeable walls of the lymph capillaries (Peters, Drinker). The flow 
of lymph in the lymph vessels is sluggish and in one direction only— 
from the tissues toward the heart. The factors concerned in lymph 
flow are : (1) the difference in pressure at the two ends of the lymph 
system; (2) the massaging effect of muscular movements; and (3) the 
presence in the lymph vessels of valves, which permit flow in one direc- 
tion only. 

With reference to the first factor, the pressure in the lymph capil- 
laries is higher than the pressure at the entrance of the thoracic duct 
into the venous system. The latter pressure is still further lowered at 
every inspiration by the aspiratory action of the thorax. Lymph there- 
fore flows toward the venous system. The flow of lymph toward the 
thorax is further augmented, during inspiration, by the backward 
movement of the diaphragm, which increases the pressure in the ab- 
domen and thus assists in emptying its lymphatics toward the thorax. 
The second and third factors are of importance in lymph flow. The 
lymph vessels have very thin walls. It follows, therefore, that any 
outside pressure, such as that produced by the contraction of skeletal 
or visceral muscle, will tend to compress their walls and thus to force 
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lymph toward the heart, back flow being prevented by valves in the 
vessels. 

Edema. Whenever the production of lymph is in excess of its re- 
moval from the tissues, an accumulation of lymph results, and the 
condition is known as edema or dropsy. Following are primary and 
contributory factors in the production of edema: primary—(1) in- 
~ creased capillary pressure, (2) lowered osmotic pressure of the blood 
colloids, (3) injury to the capillary wall, (4) impaired drainage of 
lymph; contributory—(1) low tissue pressure, (2) high salt intake, (8) 
high intake of fluid, (4) warm environmental temperature, (5) dis- 

turbanees of innervation (Landis, 1937). 


CEREBROSPINAL FLUID 


Meninges and the Cerebrospinal Pathway. The meninges are 
the membranes surrounding the brain and spinal cord. The outer- 
most of these coverings is the thick, fibrous dura mater. Beneath this 
is the delicate subdural space, containing a film of fluid. Forming the 
inner wall of this space is the arachnoid, which sends, from its inner 
surface, numerous delicate trabeculae into the extensive subarachnoid 
space. These trabeculae extend down to the pia mater, a highly vascu- 
lar membrane closely investing the spinal cord and brain and adhering 
to them. The two innermost membranes, the arachnoid and pia mater, 
are sometimes collectively designated as the leptomeninges or pia- 


arachnoid. 

cif The subarachnoid space, its perivascular extensions, the ventricles 
cisthe brain, and the central canal of the spinal cord collectively con- 
Rute the cerebrospinal pathway, which contains the cerebrospinal 
fiiéid. The subdural space has no anatomical and probably no physio- 
logical connection with the subarachnoid space. 

Properties of the Cerebrospinal Fluid. Derived from the blood, 
cer2brospinal fluid is thin and watery and normally contains no con- 
asdtuents not present in blood. Fibrinogen and some other substances 
1%h large molecules (lipids, most enzymes, etc.) are absent from cere- 
Wospinal fluid, but it contains a very small amount of protein. Most 
olystalloids present in blood are also present in cerebrospinal fluid but 
shlmany instances in reduced amounts. Sodium, potassium, urea, and 
ssibly glucose are present in approximately equal amounts in the 
oto fluids, and the latter have the same pH. Chlorides predominate in 
ebrospinal fluid. This fluid normally contains no cellular elements 
éttept a few lymphocytes. In certain pathological conditions leuko- 
cytes may be present. 

\Studies of the cerebrospinal fluid of normal cattle (Carmichael and 
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Jones) indicate the following average composition (mg. per 100 ml. of 
the fluid): total protein, 34; glucose, 37; chlorides (as NaCl), 685; 
urea nitrogen, 11; nonprotein nitrogen, 16; creatinine, 1.4; calcium, 5.5. 
The pH of the cerebrospinal fluid of cattle is 7.4 to 7.6, the specific 
gravity 1.006 to 1.007 (Fedotov). Studies of the composition of the 
cerebrospinal fluid of horses have been made (Fedotov). 


Arachnoid 
o membrane. 
Arachnoid | 
trabecula Gerra 


Pia mater. 
Perivascular 
space 

Lining cells of 


perivascular 
space. 


Capillary within 
pericapillary 
space = 


Fic. 16—Schematic representation of the arachnoid membrane, pia mater, and 
nervous tissue to show the relations of the subarachnoid, perivascular, ane ts 
neuronal spaces. (Weed; from Wislocki, “The Cytology of the Cereb 
Pathway,” in Cowdry, Special Cytology, Paul B. Hoeber, Inc.) i. ph} 
~ AD; 
Origin and Circulation. The cerebrospinal fluid comes from the 
blood. A large amount of morphological and experimental evideace 
indicates that the principal site of its elaboration is the chovoid 
plexuses of the ventricles of the brain (Weed, 1922; Fremont-Smiti). 
‘In addition to the quota of liquid derived from this source, a 24 
amount is derived from the perivascular and perineuronal sp Wiat 
the brain. These are delicate spaces surrounding the blood( bre- 
and nerve cells and communicating with the subarachnoid spa erme 
16). The production of cerebrospinal fluid is continuous. in td 
The choroid plexuses consist of very vascular cores covered! pob- 
single layer of epithelial cells. How these plexuses give origin | twx. 
cerebrospinal fluid is not entirely known. Some workers maintai, C€?© 
the process is one of active secretion; others believe that it is* 
sentially one of filtration, in which the filtering force is equal to el 
blood pressure in the capillaries of the choroid plexus less the osmc°® 
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pressure of the blood colloids and the cerebrospinal fluid Pressure 
(Menninger, Fremont-Smith). On the basis of the latter view, the 
mechanism would be similar to that employed in lymph production 
and in the initial formation of urine. From thermodynamie considera- 
tions of the existing evidence Flexner concluded that Cerebrospinal 
fluid is a secretion and not a dialyzate or an ultrafiltrate. He stated 
that “the pressure in the capillaries of the choroid plexus is too smal 
to account for the free energy change which takes place in the forma- 
tion of the fluid.” It is at present impossible to say definitively which 
view is correct. Possibly physical forces as well as secretory activity 
are concerned. 

The cerebrospinal fluid from the lateral and third ventricles enters 
the fourth ventricle, from which it passes out through the roof into the 
subarachnoid space. Three foramina are described in the roof of 
the fourth ventricle, but all three may be artifacts. If the latter is 
true, the fluid would have to pass through an intact membrane. After 
entering the subarachnoid space, the ventricular fluid passes downward 
in the spinal subarachnoid space and upward over the brain, mixing, as - 
it flows, with the fluid derived from the perivascular and perineuronal 
spaces. Its movement is facilitated by the pulsations transmitted from 
the blood vessels. In the central canal of the spinal cord, the ventricles 
of the brain, and the subarachnoid space, therefore, the cerebrospinal 
fluid slowly circulates. 

Pressure. The cerebrospinal fluid pressure has been measured in 
different species. A common method is to insert a needle into the 
cisterna magna and to connect the needle to a manometer containing 
Ringer’s solution or physiological saline. In anesthetized dogs pressures 
of 110 to 120 mm. Ringer’s solution are commonly seen. In young cattle 
pressures ranging from 80 to 150 mm. saline, with an average of 
105 mm., have been observed. In vitamin-A deficiency in young bovines 
the cerebrospinal fluid pressure is elevated; at the terminal stage pres- 
sures 4 to 6 times the normal may be seen (Moore and Sykes, 1940, 
1941; Sykes and Moore). In anesthetized pigs, 50 to 100 pounds in 
weight, an average pressure of 110 mm. of cerebrospinal fluid has been 
observed. The range was 80 to 145 mm. Pigs deficient in vitamin A 
showed higher pressures (Sorensen and co-workers). 

Considerably higher pressures have been found in horses than in 
other normal animals (Fedotov). 

Absorption. The constant formation of cerebrospinal fluid implies 

ats constant absorption. As it circulates in the subarachnoid spaces, 
ey is brought into contact with the tiny arachnoid villi, through which 
. ig removed into the adjacent venous sinuses. These villi are projec- 
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tions from the arachnoid through the dura mater into the dural venous 
sinuses (Fig. 17). It is through these villi that the cerebrospinal fluid 
is forced into the venous blood of the sinuses. That the major part of 
the liquid is removed in this way is evident from the anatomical and 
experimental studies of Weed. In addition, a much less important slow 
drainage has been demonstrated to occur, by way of the perineural 
spaces of the spinal and cranial nerves, to the lymphatic vessels. 

The force concerned in the absorption of cerebrospinal fluid appears 
to be derived from the subarachnoid pressure and the osmotic pressure 
of the blood colloids less the opposing intracranial venous pressure 
(Weed, 1935). 

Amount and Rate of Formation. The amount of the cerebrospinal 
fluid in man is some 60 to 80 ml. By cisternal puncture in horses, 170 
to 300 ml. of fluid can be obtained at a time (Fedotov). It is easy to 


Arachnoid frabecula. Arachnoid villus. Dura mater, 
Subdural space. 
Arachnoid membrane. 
Pia mater. 


Superior sagittal sinus. 


Endothelium. 


| | 
Subarachnoid space. Falx cerebri. Cortex cerebri. 


Fic. 17.—Schematic representation of the meninges and cerebral cortex to show 
the relation of an arachnoid villus to a dural venous sinus. (Weed; from Wislocki, 
“The Cytology of the Cerebrospinal Pathway,” in Cowdry, Special Cytology, 
Paul B. Hoeber, Inc.) 


obtain a considerable amount of fluid by cisternal puncture in the dog. 

In measurements of the rate of formation of cerebrospinal fluid 
in dogs, by open drainage from the cisterna magna, an average rate 
of 96 ml. per 24 hours for a dog weighing 20 kg. has been found 
(Greenberg and co-workers). This is about 0.2 ml. per kilogram per 
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hour. Rates obtained by open drainage probably are not the same as 
those in the intact animal. Because of the difficulties involved, rates 
for the intact animal have not been determined. 

Functions. Filling the central canal of the spinal cord, the ven- 
tricles of the brain, and the subarachnoid space, the cerebrospinal 
fluid serves as a watery cushion for the brain and the spinal cord. This 
is its best-known and perhaps most important function. Another func- 
tion of the liquid is related to the presence of the perivascular and peri- 
neuronal spaces. In lieu of a true lymphatic system, the central nervous 
system seems to use these channels for the elimination of fluid into the 
subarachnoid space. Lastly, changes in the amount of blood in the 
cranium are compensated for by changes in the amount of cerebro- 
spinal fluid. Thus the volume of the cranial contents remains constant. 


SYNOVIAL FLUID AND THE JOINT CAVITY 


Synovial fluid is the liquid contained in a joint cavity. The physical 
and chemical properties of the normal fluid and its method of forma- 
tion have not been extensively investigated. Recently Ropes, Bennett, 
and Bauer made a study of the synovial fluid obtained by aspiration 
from the tibiotarsal joint of young cattle. Samples of arterial blood 
for comparative study were also procured. The amount of fluid ob- 
tained from a single joint varied from 20 to 50 ml. The fluid was clear, 
straw-colored, and viscid. The average number of nucleated cells was 
131 per cubic millimeter. The relative viscosity was 3.72 on the aver- 
age. The average pH (7.31) was slightly lower than that of blood 
serum. The total protein content was about one per cent. The protein 
consisted mainly of albumin, but globulin and mucin were present. 
Fibrinogen was absent. Other studies show that the concentration of 
mucin varies greatly in the fluid from different joints. 

The composition of the fluid when compared to that of blood serum 
was such as to support the theory that synovial fluid is a dialyzate 
of the blood plasma. Anatomical studies of the subsynovial vascular 
supply accorded with this view. 

The origin of mucin was not determined. The suggestion was made 
that it is formed by the connective tissue cells surrounding the joint. 
There was evidence that mucin, in addition to its lubricating action, 
helps to regulate the exchange of water and other substances between 
the blood and the joint cavity. 

Other evidence suggests that the viscid substance in synovial 
fluid is the mucopolysaccharide hyaluronic acid and that it is formed 
by secretory activity of cells of the synovial tissue (Meyer, Gardner). 

Joseph and co-workers have made an in-vivo study, under various 
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conditions, of the pH of the knee-joint synovial fluid of dogs. 

Functions. The best-known function of synovial fluid is to lubri- 
cate the articular surfaces. Another function is to nourish the articu- 
lar cartilages. They lack a blood supply and therefore are dependent 
on synovial fluid for their metabolic exchanges. 

The physiology of articular structures is the subject of a review 
by Bauer, Ropes, and Waine. Gardner has reviewed the physiology 
of movable joints. 

Absorption from the Joint Cavity. This has been studied by 
Adkins and Davies, using the knee joint of the rabbit. True solutions, 
colloidal solutions, and fine suspensions are removed from the joint 
cavity into the subsynovial tissues rather quickly. The rate of removal - 
is proportional to the size of the particles. The experiments suggested 
that physical forces were mainly concerned in the removal. 

Particle size determines the route of removal of substances that 
have entered the subsynovial tissues. Small particles, as in true solu- 
tions, easily enter both the blood capillaries and the lymph capillaries, 
but most are removed by the former. Small colloidal particles enter 
both kinds of capillary, but with less ease. Particles about the size of 
the globulin molecule are not taken into the blood capillaries at all, and 
only to a slight extent into the lymphatics. Particles of still larger 
size—for example, 100 millimicrons—have no route of removal from 
the subsynovial tissues. 

Absorption from the joint cavity is considered in the review by 
Gardner. 
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PART II 


a 


Circulation of the Blood 


Chapter IV 


HEART 


HE heart is a hollow muscle situated in the middle mediastinal 

space. The mammalian heart has four chambers; the upper two are 
designated the atria, the lower two the ventricles. There is a com- 
plete septum between the two sides of the heart; there is, however, 
free communication between the atrium and ventricle on the same 
side. The right side of the heart is the venous or pulmonary side, the : 
left the arterial or systemic side. The ventricular wall is much thicker 


‘than the atrial wall, and the left ventricular wall is much thicker 


than the right. ` 

The heart presents four valves, two on each side, whose function is 
to prevent backflow of blood. The valves between atria and ventricles, 
one on each side, guard the atrioventricular orifices and are designated 
the atrioventricular or A-V valves. The one on the left side is known 
also as the bicuspid or mitral valve; the one on the right side also as 


` the tricuspid valve. A valve stands at the aortic orifice and one at the 


pulmonary orifice. These are known respectively as the aortic and the 
pulmonary valve. 


THE COURSE OF THE CIRCULATION 


If a given particle of blood could be followed from the moment it 
left a certain point in the circulation, say the left ventricle, until it 
returned to the same point, its general route would be found to be as 
follows: Leaving the left ventricle, it would enter the aorta, from 
which it would pass by a series of arteries, varying with the exact 
route taken, to a systemic capillary area. Traversing the capillaries, 
it would enter the venous system, by which it would return to the 
right atrium. From this point it would pass into the right ventricle 
and thence by way of the pulmonary artery (as venous blood) to the 
pulmonary capillaries. Leaving these, it would return by way of the 
pulmonary veins (as arterial blood) to the left atrium, whence it would 
go to the left ventricle, thus completing the circuit. A diagram of the 
mammalian blood circulation is shown in Fig. 18. 
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RHYTHMICITY OF AND CONDUCTION IN THE HEART 


The Pacemaker. In the beat of the heart the normal sequence is 
contraction of the atria followed by contraction of the ventricles. The 
right atrium contracts a fraction of a second before the left, and all 
parts of the ventricular mass do not contract quite simultaneously. 

In the frog and other lower vertebrates the beat of the heart begins 
in a chamber designated as the sinus venosus, into which the great 
veins open; the sinus communicates freely with the right atrium. 
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Fic. 18—Schematic representation of the mammalian blood circulation. For 
diagrammatic purposes the heart is shown as if rotated somewhat counterclock- 
wise as viewed from above. The venous side of the circulation is shaded. R.A., 
right atrium; R.V., right ventricle; L.A., left atrium; L.V., left ventricle; GI.T., 
gastrointestinal tract; K, kidney; P.E., posterior extremities; P.V., portal vein; 
L, liver; H.V., hepatic veins; P.V.C., posterior vena cava; A.E., anterior extremi- 
ties; A.V.C., anterior vena cava; P.A., pulmonary artery; A, aorta; Lu., lungs; 
Pul.V., pulmonary veins. The systemic and pulmonary circulations are in series. 
The systemic circulation comprises many parallel shunts. 


That the sinus venosus is the place of origin of the heart beat in the 
frog is indicated by the observations of many workers. Stannius’ 
experiment is classical: a ligature is tied around the sinoatrial junc- 
tion, whereupon the atria and ventricle stop beating but the sinus 
continues to beat. 

In the hearts of mammals the principal remnants of the sinus 
venosus of lower vertebrates (and the embryo) are found in the wall 
of the right atrium between the openings of the anterior vena cava 
and the coronary sinus, In this region there are two special areas of 
modified cardiac muscle fibers, with some nervous tissue, known as 
the sinoatrial (S-A) node and the atrioventicular (A-V) node. The 


' 
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` beat of the heart begins in the S-A node. This node extends from about 
_the root of the anterior vena cava to a point midway between this 


vessel and the coronary sinus. The node has been designated the pace- 


- maker of the heart, and that the normal heart rhythm is dominated 
‘ by the node is indicated by a number of facts such as the following: 


(1) Excision or destruction of the node causes the heart beat to cease 
or to become slower. (2) Slight changes of temperature in the region 
of the node cause alterations of the heart rate, whereas similar changes 
of temperature in surrounding places are ineffective. (8) By means of 
a delicate galvanometer or other detector of electrical change, electrical 
negativity—a never-failing manifestation of protoplasmic activity— 
can be demonstrated to occur, during the heart beat, first at the 
sinoatrial node. (Evidence has, however, been adduced that tissue in 
the immediate vicinity of the node may also give origin to impulses for 
cardiac action.) 

In the mammalian embryo the sinoatrial portion of the heart 
dominates the contraction of the rest of the heart (Hall). 

Conduction. The excitatory impulses generated in the pacemaker 
spread to the atria, probably in a radial manner through the general 
atrial musculature; a structure analogous to the atrioventricular 
(A-V) bundle (by which the impulses pass from atria to ventricles) 
is not found in the atria of mammals, but special conduction tissue 
has been described in the atria of birds. The velocity of the impulse 
in the atria is comparatively low, varying between 0.8 and 1.2 meters 
per second, 

In the hearts of lower vertebrates there is direct muscular con- 
tinuity between the atria and ventricles. In the hearts of mammals, 
on the other hand, fibrous connective tissue is developed at the atrio- 
ventricular Junction, into which tissue the musculature of the atria and 
ventricles is largely inserted. Years ago it was thought that this ring . 
of connective tissue completely separated the musculature of the atria 
from that of the ventricles. It is now known that there is muscular 
connection between the upper and lower chambers. This connection 
is effected mainly by the A-V bundle (Fig. 19), which is composed 
chiefly of modified cardiac muscle cells. The bundle begins in the 
region of the coronary sinus. The fibers from this region converge 
toward a thickened area, the A-V node, which is situated at the base 
of the interatrial septum on the right side and near its posterior 
margin. From this node the bundle passes along the top of the septum 
between the ventricles and divides into two branches, one for the right 
ventricle and one for the left. These branches run under the endo- 
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- cardium, dividing and redividing in a complex manner and forming 
an extensive arborization on the inner surface of the ventricular wall 
(Purkinje fibers). The arborization beneath the endocardium is es- 
pecially well seen in the fresh heart of ungulates. The subendocardial 
network is continued into the wall of the heart by an extensive myo- 
cardial Purkinje network whose fibers connect throughout the myo- 
cardium with the ordinary cardiac musculature. 

- Some strands of Purkinje fibers 

' cross the cavity of the right ventri- 

cle as a part of the “moderator” 
band. The histology of this band has 
been studied by Truex and Copen- 
haver, who found Purkinje fibers in 
all bands of sheep, pig, calf, and ox 
hearts. The incidence and size of the 
moderator bands in animals have 
been investigated by Truex and 

Warshaw. 

The atrioventricular conduction 
system of the ox heart, including its 
myocardial ramifications, has been 
studied by Cardwell and Abramson, 
who present a number of anatomi- 


Fie. 19—Photograph of a model of the 
atrioventricular bundle of a calf’s 
heart. The complete network in the 
outer wall of the left ventricle is not cal illustrations of their injections 
shown. (From De Witt, Anatomical and dissections of the heart. This 
Record, published by the Wistar In- system of the dog heart has been 


stitute.) studied by Baird and Robb. Histo- 


logical study, reconstruction in wax, and gross dissections were carried 
out. Illustrations are given. Other recent morphological studies confirm 
the existence of the atrioventricular conduction system. Therefore, de- 
spite some claims to the contrary, there is no longer any serious doubt 
of the presence of this system in the heart. 

The function of the A-V node and bundle is to receive the excita- 
tory impulse from the atria and pass it to the ventricles. Although 
nerve fibers and nerve cells may form a part of the bundle, the evi- 
dence indicates that conduction in this structure is a muscular type of 
conduction. The conduction velocity in the bundle, 5 or 6 meters per 
second, is several times higher than in the atria. It is so rapid and the 
distribution of the bundle to the ventricles so complete that all por- 
tions of the ventricular mass are thrown into contraction nearly 
simultaneously. 

Conduction of the impulse through the A-V node is slower than 
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through the rest of the conduction system. The resulting brief delay 
allows atrial contraction to be completed before the ventricles are 
stimulated (Wiggers). 

The evidence indicates that the mechanism of conduction in the 
heart is the same as in skeletal muscle and nerve. 

Normally the rhythm of the entire heart is dominated by the S-A 
node. Under some conditions excitatory impulses may originate out- 
side the node. They are known as ectopic impulses, and the resulting 
series of beats is known as an ectopic rhythm. If the irritability of 
S-A node is depressed, or the node is injured or destroyed, or the 
irritability of the A-V node is raised, the latter may become the origin 
of ectopic impulses, that is, may assume the role of pacemaker. If the 
A-V bundle is cut, compressed, or greatly diseased, the ventricles are 
cut off from the pacemaking influence of the atria and develop an 
independent rhythm dominated by an ectopic center in the A-V bundle 
somewhere below the point of injury. The ventricular rate under these 
conditions is usually slow. 

The conduction system of the avian heart has been studied by 
Davies. It is well developed, there being, in addition to the 5-A node 
and A-V node and bundle, atrial subendocardial Purkinje fibers and 
a system of Purkinje fibers supplying the muscular right A-V valve. In 
the heart of the ostrich a system of fibers somewhat similar to the 
A-V bundle of mammals has been described (Drennen). 


ELECTRICAL CHANGES ACCOMPANYING THE HEART BEAT 


If two points on the surface of a muscle, nerve, or other living 
protoplasmic mass are connected by means of electrodes and leads to 
a sensitive galvanometer or other electrical detector, no deflection of 
the instrument occurs. This is because all parts of the surface are at 
the same electrical potential, that is, in the isoelectric state. 

It is now generally recognized that cell membranes are semi- 
permeable and that during rest they are polarized, with positively 
charged ions or radicals on the outer surface of the membrane and 
negatively charged ions or radicals on the inner surface. If a point on 
the surface of the protoplasmic mass is stimulated effectively (elec- 
trically, mechanically, or in any other way), the permeability of the 
surface is increased, ions responsible for the polarity migrate, and 
depolarization in the affected region occurs. The adjacent normal parts 
of the membrane now show a potential difference relative to the de- 
polarized part. This sets up local currents which cause depolarization 
of the adjacent parts of the membrane. The newly depolarized areas 
now are negative to their adjacent parts, local currents again flow, 
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depolarization occurs, and the sequence is repeated, with the result 
that a wave of increased membrane permeability and depolarization 
passes in both directions from the point of stimulation. Shortly after 
depolarization there occurs a process of repolarization, during which 
polarity of the membrane is re-established. 

The foregoing statements are applicable to the heart as well as to 
nerve, skeletal muscle, and other forms of protoplasm. For the genesis. 
of the electrical changes, or action potentials (or currents, depending 
‘on the type of electrical detector used) of the heart, four states of the 
myocardial cell are recognized (Katz): (1) the resting polarized state, 
(2) the state of active depolarization, (3) the depolarized state of the 
cell during activity, and (4) the repolarization. 

Records of electrical changes accompanying excitation and re- 
covery of single cardiac fibers of the frog heart in situ have been made 
by means of microelectrodes and suitable amplifying and recording 
apparatus (Woodbury and co-workers). The membrane resting po- 
tential averaged 64.5 mv. The interior of the cell was negative to the 
outside. Depolarization of single fibers consisted of a rapid disappear- 
ance of the resting potential followed immediately by a reversal of 
polarity, with the interior of the cell now positive to the outside by 
an average of 12.7 mv. The reversal of polarity, or overshoot, plus 
the resting potential gave an average membrane action potential of 
77.2 mv. Repolarization, with the return of the cell to its resting con- 
dition, was a slower process. Simultaneously recorded surface electro- 
cardiograms (p. 97) showed that the onset of depolarization coin- 
cided with the start of the QRS group and the last phase of repolariza- 
tion with the T wave of the surface records. This is a remarkable 
demonstration, with refined technic, of excitation and recovery of 
single cardiac muscle fibers and the correlation between these activities 
and the surface electrocardiogram. 

The electrical changes of the heart can be detected, but not 
analyzed in any detail, by a simple biological method. A nerve-muscle 
preparation is made from the sciatic nerve and gastrocnemius muscle 
of a frog. The nerve is placed in contact with an exposed beating 
heart, and the electrical changes of the latter will stimulate the nerve ` 
and cause the muscle to contract. 

The electrical changes of the heart may be recorded for detailed 
study by means of instruments known as electrocardiographs. Until 
recent years the string galvanometer was the instrument commonly 
used as an electrocardiograph. This instrument consists essentially of 

„a delicate conducting fiber or “string” suspended in a narrow gap 
between the poles of a powerful electromagnet. The string is made of 


| 
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glass or quartz covered with silver, gold, or other conducting material. 
If a minute current is passed through the string lying in the powerful 
magnetic field, or if a potential difference is impressed upon the string, 
it bends, or deflects slightly, in a plane parallel to the faces of the 
pole pieces of the electromagnet. The direction of movement of the 
string depends on the direction of the current passing through it. If 
the current passes downward, the deflection of the string is toward 
the observer. If the current passes upward, the string moves away from 
the observer. The deflections of the string are observed by projection 
of its shadow upon a screen or recorded by projection of the shadow 
upon the sensitive film or paper of a photokymograph. An intense light 
and a system of lenses make projection possible. The string itself is 
very fine, only 2 or 3 microns in diameter. 

The tension of the string is so adjusted that a deflection of 1 cm. on 
the record represents 1 millivolt. Voltage (horizontal) lines are placed 
on the record by means of etchings on the lens of the photokymo- 
graph. Time lines are recorded by the spokes of a rotating wheel 
which pass through the field of light at regular intervals and thus 
cast shadows on the record as it is being made. The wheel is run by a 
motor controlled by a tuning fork. String galvanometer records, being 
photographically recorded on light-sensitive paper or film, must be de- 


_ veloped before they are ready for examination. 


With the era of vacuum-tube amplification, it became possible to 
record the electrocardiogram by means of the cathode ray oscillograph 
and other oscillographs of suitable physical characteristics. A number 


- of thermionic electrocardiographs with direct-writing recorders are now 


available. Thus photographic development of the record is no longer 
a requirement in electrocardiography. Some vacuum-tube electrocardi- 
ographs, however, still use optical recording. 

The electrical changes of the heart may be recorded directly by 
electrodes placed on the exposed heart or indirectly by electrodes 
applied to the limbs or the chest. Direct recording is of value experi- 


- mentally in determining (1) the part of the heart that becomes elec- 


trically negative first, that is, the place of origin of the heart beat, (2) 
the course of the excitatory impulse in the heart, and (3) the rate of 
travel of the impulse. Indirect recording is possible by reason of the 
fact that electrical changes occurring in the heart give rise to currents 
that flow through the body. The whole body acts as a volume con- 
ductor inside of which the heart is located. It is as if the body were a 
bag of Locke’s solution with the heart on the inside. 

The Electrocardiagram. In electrocardiography a “lead” is the 
connection of two parts of the body by electrodes and wires with the 
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electrocardiograph. In man the three leads adopted by Einthoven have | 
come into general use. They are right arm and left arm (lead I), right ` 
arm and left leg (lead II), left arm and left leg (lead ITI). In practice | 
electrocardiograms are taken from the three leads in sequence. Other . 
limb leads and chest or precordial leads are now commonly used in - 
addition to the standard limb leads. In animals the standard limb leads ` 
give satisfactory results, but other leads are also used. The normal. ~- 
electrocardiogram shows a number of deflections or waves, some of ` 
which are of brief duration while others are longer (Figs. 20, 21, 22). 
The waves are designated as P, Q, R, S, and T. The P wave is the 

atrial deflection and is related to atrial systole, although it precedes 

the mechanical systole by a very brief interval. It is caused by the 
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Fic. 20—Electrocardiogram of a man. The S wave is practically absent. The 
vertical lines show time; they are 0.04 sec. apart. The horizontal lines show volt- 
age; each division is 0.1 millivolt. 


spread of the wave of excitation (wave of depolarization) from the 
pacemakcr through the atrial musculature. The other waves are re- 
lated to, and their combined duration is approximately the same as 
the duration of, ventricular systole. The QRS group is designated 
as the initial ventricular deflection. It occurs after the passage of the 
impulse over the A-V bundle and its subendocardial branches. It repre- 
sents the spread of the impulse in the ventricular musculature (de- 
polarization), and its duration indicates the intraventicular conduction ` 
time. Since there is no known practical difference between the wave of 
excitation and the wave of contraction, the QRS group may be re- 
garded as representing the onset of contraction in the ventricular 
musculature. The S-T interval or segment indicates the time during 
which depolarization of the ventricular musculature persists or during 
which only slight repolarization has occurred. The T wave is known 
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ts g 4 | 
Fig. 21—Electrocuidivgram (lead 1) of a Jersey cow. Heart rate. 6s. P-R interval, 
0.22 sec. The P wave is monophasic and upward. The QRS group is characterized 
by Q predominance. The duration of the group is 0.09 sec. T is monophasic and 
inverted. For the values of the vertical and horizontal lines, see Fig. 20. The 
standardization deflection (A) is made by impressing one millivolt of potential] 
upon the galvanometer circuit. (Record made by Dr. L. L. Nangeroni.) 
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as the final deflection. The end of the T wave represents the end of 
ventricular systole. This wave is caused by repolarization of the 
ventricular musculature. 

There is also an atrial T wave, representing repolarization of the 
atrial musculature; but this wave, or part of it, is often buried in the 
QRS group. An atrial T wave appears in Fig. 43 (p. 148). 

The P-R interval, measured from the beginning of the P wave 
to the beginning of the R wave (or Q if present), represents the time 
required for the excitation wave to travel from the S-A node to the 
ramifications of the A-V bundle under the endocardium. It indicates 
the atrioventricular conduction time. 

The Q-T interval indicates approximately the duration of ven- 
tricular systole. It indicates accurately the duration of the electrical 
systole. 

It may be noted that only during depolarization and repolarization 
do potential differences occur and reveal themselves in the electro- 
cardiogram. At other times isopotential is evident. The P and T, waves 
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Fig. 22.—Electrocardiogram (lead I) of a dog (9 kg.) in sternal recumbency. 
Shows sinus arrythmia (p. 146 and Fig. 42). Average heart rate, 127. P-R interval, 
0.12 sec.; Q-T, 0.20 sec. The Q and S waves are practically absent. (Record made 
by Dr. L. L. Nangeroni.) 


$ 


100 PHYSIOLOGY OF DOMESTIC ANIMALS 


signal depolarization and repolarization, respectively, in the atria. 
QRS, S-T, and T signal depolarization, maintenance of depolarization, - 
and repolarization, respectively, in the ventricles. 

Electrocardiograms of Animals: Intervals and Deflections. The 
electrocardiogram of the chicken has been investigated by Sturkie 
(1949). Records were made over a period of one year. Heart rates, 
intervals, amplitudes of the waves or deflections, and electrical axes 
were measured and recorded. Abnormal or unusual electrocardiograms 
were found in a significant number of the birds (White Leghorn fe- 
males). The effect of changes in the position of the heart on the 
electrocardiogram was also studied (Sturkie, 1948). The book by 
Sturkie contains a detailed presentation of electrocardiography in the > 
chicken. 

In normal dogs the P-R interval has been found to vary from 0.06 
to 0.18 sec.; the QRS interval, from 0.03 to 0.08 sec. Variations in the 
amplitude of the waves of the standard and other limb leads have been 
published (Grollman and co-workers). A report on the intervals and 
the magnitude of the deflections in the electrocardiograms of beagle 
dogs have been made (Petersen and co-workers). 

Lannek (1949) has made a detailed clinical and experimental study 
of the electrocardiogram of the dog. Amplitudes of the waves and 
durations of the intervals, as well as other findings, are given. Soave 
has studied clinical electrocardiograms of dogs and has published a 
table showing the amplitude of the waves and the duration of the 
intervals in normal dogs. 

In normal horses Dukes and Batt report average intervals and 
ranges of variation as follows: P-R, 0.30 sec. (0.20-0.42 sec.) ; QRS, 
0.12 sec. (0.08-0.17 sec.); Q-T, 0.54 sec. (0.46-0.62 sec.). The heart 
rate was 38 (24-50). Limb leads were used. The P wave was upright, 
inverted, diphasic, notched, or double. The R deflection was usually 
upright. The T wave was usually diphasic, but upright and inverted 
T waves were common. 

Lannek and Rutqvist have published a historical review of electro- 
cardiography in horses and have studied normal variations in the 
electrocardiogram of mature horses. The usual limb leads and six 
unipolar chest leads were recorded. Over 200 horses, some warm- 
blooded and some cold-blooded, were studied. Amplitudes of P, Q, R 
S, ST, and T and durations of P, PQ, and QRS were calculated. Differ- 
ences between the sexes and the various age groups were not observed, 
but significant differences between breeds, mainly whether the horses 
were cold-blooded or warm-blooded, were evident. This extensive study 
should be consulted for further details. Reference may also be made 
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to the work of Van Zijl in which 16 leads were taken from each of 
30 horses. 

In a comprehensive study of the electrocardiogram of dairy cattle 
` Alfredson and Sykes (1942) found the following average intervals and 
ranges of variation: P-R, 0.19 sec. (0.10-0.30 sec.); QRS, 0.09 sec. 
(0.06-0.12 sec.) ; Q-T, 0.39 sec. (0.29-0.47 sec.). Limb leads were used. 
-P and T were often diphasic. P was occasionally absent. R was always 
present in leads II and III. Q was frequently present and was usually 
small. S was often absent. The form of QRS showed considerable 
variation. A classification of the electrocardiogram of the cow based 
on the forn of QRS in lead IL was proposed. The amplitude of the 
different waves varied so much that this factor was regarded as being 
of doubtful significance as an index to the nutritive state of the bovine 
heart. Changes in the form and direction of the T wave in the cow 
do not have the same significance as in man. 

Observations on the electrocardiograms of cattle fed thyroprotein 
for long periods during lactation have been made (Sykes, Thomas, and 
Moore). Atypical electrocardiograms (premature beats, increase of 
length of QRS and Q-T) were observed in several cows receiving thyro- 
protein during successive lactations. However, there was no electro- 
cardiographic evidence of serious damage to the heart as a result of 
feeding thyroprotein. 

Intervals in the electrocardiograms of calves have been reported 
by Barnes, Davis, and McCay. The intervals gradually increased as 
the animals grew older. 

A detailed study of the electrocardiogram of sheep has been made 
by Souza. The duration of the intervals, the amplitude of the waves, 
-and the effects of anesthetics and several ions were studied. Complete 
data are given. 

Average intervals in the electrocardiogram of sheep are shown in 
Fig. 23. 

A publication by Luisada, Weisz, and Hantman contains a great 
deal of information on the normal electrocardiogram, including the 
intervals, of many species. 

Significance. Electrocardiographic studies have proved to be very 
useful in many kinds of experimental work, basic and applied. From 
the clinical standpoint the electrocardiogram is of value (1) in deter- 
mining the nature of disturbances in rate, rhythm, and conduction in 
the heart and (2) in detecting diseases of the myocardium. Much more 
work has been done in the field of clinical electrocardiography of man 
than of animals. Some clinical aspects of electrocardiography of ani- 
mals are indicated on p. 146. 
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Fia. 23—Intervals in the electrocardiogram of sheep (average values). Note that 
as the heart rate increases, the intervals do not change in the same proportion. 
Any interval (vertical distance) from the lowest horizontal line to the first curve 
from the top is the duration of a cardiac cycle at the particular heart rate. Electri- 
cal systole (ventricle) is the interval (vertical distance) from the lowest horizontal 
line to the third curve from the top (Q to end of T). Electrical diastole (ventricle) 
is the interval between the first and third curves (Q to Q minus Q to end of T). 
The P-R (or P-Q) interval is found between the first and second curves (Q to 
Q minus Q to beginning of P); the duration of the T wave, between the third 
and fourth curves (Q to end of T minus Q to beginning of T). (From Ferris, 
King, Spence, and Williams, Electrical Engineering, 1936, 55; copyright-—American 
Institute of Electrical Engineers.) 
APEX BEAT l 

During systole of the ventricles all diameters of the heart shorten, 
the ventricles harden, and the heart rotates to the right. The result is 
that it is more firmly pressed against the chest wall. This increased 
pressure takes place suddenly and gives rise to a pulsation of the chest 
wall, often readily visible in man and the dog. This pulsation, known in 
man as the apex beat, can be registered by means of a receiving tam- 
bour, known as a cardiograph, placed over the pulsation and connected 
by rubber tubing to a recording tambour arranged to write on a kymo- 
graph. Optical means of recording the pulsations, or electrical means of 
receiving, amplifying, and recording them, can be used. 


CARDIAC CYCLE r 
By a cardiac cycle is meant a complete heart beat. Some of the 
pioneer experimental work on this subject was done on the horse, ass, 
and mule by Chauveau and Marey, using both direct observations of 
open-chest subjects and the graphic method. Modern methods of study 
of the cardiac cycle include the optical registration of pressure changes 


HEART 103 


in the heart chambers and the great arteries near the heart. Electro- 
cardiograms, phonocardiograms, and records of volume changes of the 
ventricles are also used. 

From such records the events of a cardiac cycle can be deduced. 
Semidiagrammatic records of the heart sounds, the electrical changes, 
left intra-atrial pressure, left intraventricular pressure, and aortic 
pressure are assembled in Fig. 24. The pressure changes occurring in 
the right atrium, right ventricle, and pulmonary artery are qualita- 
tively similar to those occurring in the corresponding chambers on the 
left side, but the pressures that develop in the right ventricle and the 
pulmonary artery are much lower than those in the left ventricle and 
aorta. 

Starting at the left of the figure, one sees an elevation of intra- 
atrial pressure (broken line) and a corresponding elevation of intra- 
ventricular pressure (continuous line). The pressure changes are caused 
by atrial contraction. The similarity of the curves indicates that the 
A-V valve is open and that the two cavities are in free communication 
with each other. The start of the P wave of the electrocardiogram 
precedes the start of atrial contraction by a very brief interval. This 
is due partly to the slight actual Jag between the electrical change and 
the contraction but largely to the fact that the contraction does not 
develop a measurable pressure change until the excitatory process, 
of which the electrical change is a manifestation, has spread for some 
distance from the pacemaker. Atrial relaxation now sets in and intra- 
atrial pressure falls. It may actually drop slightly below that in the 
ventricle, for as the atrium relaxes the A-V valves tend to close. This 
prevents a corresponding fall of pressure in the ventricle. 

Ventricular contraction now begins and intraventricular pressure 
rises sharply. The measurable rise follows by a very brief interval 
the beginning of the initial ventricular deflection (QRS) of the electro- 
cardiogram. Intraventricular pressure soon exceeds intra-atrial pressure 
and the A-V valve is firmly closed (A.V.C.). The valve bulges some- 
what into the atrium, but it is prevented from everting into the upper 
chamber by the tugging action of the contracting ventricular muscle 
on the chordae tendineae. The bulging of the valve into the atrium 
causes intra-atrial pressure to rise slightly. As will be discussed later, 
the vibration of the A-V valves and the chordae, incident to the firm 
closure of the valves, is the principal cause of the first heart sound, 
Contraction of the ventricle results in a downward movement of the 
base of the ventricle. This lengthens the atria, and the intra-atrial 
pressure drops. During the remainder of ventricular systole, atrial 
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Fic. 24.—Principal events of a cardiac cycle. From below upward: heart sounds, 
electrocardiogram, left intra-atrial pressure (broken line), left intraventricular 
pressure, and aortic pressure (dotted line), Pulse rate, 65. The left vertical axis 
shows pressure (mm. Hg) relative to atmospheric pressure; the right vertical axis 
shows absolute pressure. Note that the Q wave of the electrocardiogram begins 
slightly before the intraventricular pressure rises. The values for the intervals are 
illustrative only, A.V.C. and A.V.O. indicate closing and opening of the A-V 
valves. S.L.O. and S.L.C. indicate opening and closing of the semilunar valves. 
(From Macleod, Physiology in Modern Medicine, The C. V. Mosby Company.) 


pressure rises because of the continuous inflow of blood from the 
veins. The rise continues until intraventricular pressure falls below the 
pressure in the atrium, whereupon the A-V valve opens (A.V.O.) and 
blood flows freely from the upper chambers into the lower. The atrium 
and ventricle now being in free communication with each other through 
the open A-V valve, their pressures will rise together, as blood con- 
tinues to flow into both chambers, until the next atrial contraction. 
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Returning to a consideration of intraventricular pressure and com- 
paring it to aortic pressure, one observes that it continues to rise very 
sharply until it exceeds the pressure in the aorta, whereupon the 
aortic valve opens (S.L.O.) and the aortic pressure parallels, more. 
or less closely, the intraventricular pressure. [in the brief interval 
{about 0.04 sec. in Fig. 24) between the closure of the A-¥ valve and 
the opening of the aortic valve, the ventricular muscle fibers are con- > 
tracting but not shortening, that i is, they are contracting isometrically. 
This phase is spoken of as the isometric contraction phase of ventricu- ` 
lar systole. During this time the ventricle is a closed cavity. ‘Ejection 
‘of blood into the aorta is at first maximum and the pressures continue 
to ise. Ejection is later reduced and the pressures fall. Ventricular 

Telaxation now begins and a sharp drop in intraventricular ‘and aortic 
pressures results. This marks the beginning of ventricular diastole. It 
‘follows by a slight interval the end of the T wave of the electrocardio- 
gram. The fall of aortic pressure is checked by the closure of the 
aortic valve (S.L.C.). The second heart sound then follows. [The very 
‘brief interval from the beginning of diastole to closure of the aortic 
valve is known as the protodiastolic phase. Tension in the ventricular 
musculature continues to diminish, but the volume of the ventricle 
remains unchanged until the pressure in the ventricle has fallen low 
enough to permit opening of the A-V valve (A.V.O.). The time elapsing ` 
between closure of the semilunar valve and opening ‘of the A-V valve 
is known as the isometric relatation phase of ventricular diastole. 

+ There is now a phase of rapid filling of the ventricle by the blood 
„stored i in the atrium and that flowing in from the great veins. During 
“this phase ventricular volume rapidly increases. This phase is fol- 
- lowed by a phase of diastasis, the length of which is related to the | 

~ duration of the cardiac cycle. If the heart rate is increased and the 
` cycle therefore shortened, the phase of diastasis is shortened. The 
phase of rapid filling is not much affected as the pulse rate increases. 
This means that ventricular filling is still efficient. Atrial systole is 
the last phase of ventricular diastole. 

` The average duration of the different phases of the cardiac cycle 
in the dog with a pulse rate of 75 is shown below: 


Isometric contraction 0.0... .cc ccc cece crete eet bese nee eneeetnenneee -0.05 sec. - 

Maximum ejection .............. nee nee c eran ee eegeteeeetuntereneeees 0.12 sec. 

Reduced ejection ..... ccc ccc cece ccc e beet eee ene tenevseteeetennaeee 0.10 sec. 
Bystole occ ccecee ccc er eee sete eee teen tects nese se eeeeeeenenas 0.27 sec. 


i 
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Protodiastole 2.0.2.0... ccc cece cece nce n cece net seavessntececaucenas 0.02 sec. 


Isometric relaxation 2.0... 0... ccc ccc cave cence ncesceeeucuseuueccnueus 0.05 sec. 
Rapid filling 20... 0... cece cece eect e cence cee ececaeenteetnseeanenees 0.06 sec. > 
Diastasis .. 0... ccc cece ccc cece cece cece ne osoon rraren noraen annan. 0.29 sec. 
Atrial systole .. 00.0... cece cece eee e eee e cece eecceveetensenceneencuns 0.11 sec. 
DET) 6) (a 0.53 sec. 


(Data from Wiggers.) 


Several features of the cardiac cycle of the horse are shown in 
Figs. 25 and 26. 
HEART SOUNDS 


During the heart beat certain definite sounds are produced. These 
have long been recognized, but a satisfactory explanation of their cause 
was not quickly or easily arrived at. They have been studied as an aid 
to diagnosis for many years. Two distinct sounds can be heard by 
auscultation of the heart, and occasionally a third sound can be de- 
tected in this way. These are designated as the audible heart sounds. 
The heart sounds may be recorded by various devices. Such records 
(phonocardiograms} will reveal not only the audible sounds but also 
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Fig. 25.—Simultaneous tracings of pressure in the right 4 
atrium (Or. D,), the right ventricle (Vent D.), and the 

left ventricle (Vent. G.) of horse. (From Marey, La 
Circulation du Sang, 1881.) 


at times vibrations that are too feeble to be heard or that lie outside 
the range of frequency that the ear can detect. 

The first sound occurs during ventricular systole and may therefore 
be designated as the systolic sound. The second occurs at the beginning 
of ventricular diastole and may be referred to as the diastolic sound. 
The first sound is longer, of a lower pitch, and of a greater amplitude 
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than the second, which is sharper and more accentuated. The 
sounds can be heard by placing the ear against the thoracic wall over 
the region of the heart. A phonendoscope or a stethoscope may be em- 
ployed as an aid to auscultation. The physiological and physical laws 
governing auscultation have been studied by Rappaport and Sprague 
(1941). 

The first heart sound is usually stated to be due to a combination 
of two factors, valvular and muscular. When the ventricles contract, 
the intraventricular pressure is suddenly elevated; this completes the 


Fic. 26.—Optically recorded pressure changes in left ventricle (top tracing), 
aorta (middle tracing), and right atrium (bottom tracing) of a horse. Time 
intervals, 0.2 sec. Heart rate, 80 beats per minute. The vertical lines indi- 
cate synchronous points on the tracings. The delay in the two lower records 
was caused by the length of the transmission tubes from the aorta and 
atrium to the recording capsules. The cannula of the manometer recording 
intraventricular pressure was introduced directly through the ventricular 
wall. Hence there was no transmission lag. a-b, Atrial contraction; b-c, iso- 
metric contraction phase of ventricular systole; c-d, ejection phase. (From 
Houssay, Orias, and Giusti, Journal de Physiologie et de Pathologie 
Générale, 1986, 34.) 
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_closure of the A-V valves. The flaps of the valves and the chordae 
tendineae are put under tension owing to the high pressure of the blood 
in the ventricles and so are caused to vibrate and produce sound. Itis 
‘commonly stated that the vibration of the contracting ventricular 
“muscle fibers also produces sound and that this is blended with the 
valvular element to cause the first heart sound. Experiments by Dock 
and by Eckstein tend to minimize the importance of the muscular 
element in the production of the first heart sound; but the older view 
that the contracting ventricular muscle contributes directly to the 
causation of the first sound is reaffirmed by experiments of Smith, 
Kountz, and Gilson. The frequency of the vibrations of the first heart 
sound (man) is some 30 to 45 per second. 

The second heart sound occurs immediately after the closure of the 
aortic and pulmonary valves, and it is generally agreed that their after- 
vibration produces the sound. This conclusion is based largely on the 
fact that when the valves are prevented from closing no second sound 
occurs. The frequency of the vibrations that make up the second heart 
sound (man) is about 50 to 70 per second. 

A third heart sound is occasionally audible in man. It is feeble and 
is believed to be related to the flow of blood into the ventricle during 
the phase of rapid filling (Wiggers, 1949). An audible third heart 
sound in animals is probably of infrequent occurrence, if it occurs 
normally at all. However, a third heart sound has been detected in 
phonocardiograms of horses. It is present only exceptionally (Luisada, 
Weisz, and Hantman). 

The contracting atrium may produce sound but it is usually blended 
with the first heart sound. In heart block (p. 147) the atrial sound may 
be audible. Heart block with audible atrial sound has been observed in 
horses (Dukes, Batt, Luisada). 

Phonocardiograms. Graphic records of the heart sounds may be 
made in several ways. In one method a stethoscope is placed over the 
region of the heart and connected with a microphone in a primary 
circuit. A string galvanometer is placed in the secondary circuit. The 
string of the galvanometer is deflected by the sounds of the heart and 
the deflections are recorded on a moving photographic surface. 

Another method makes use of a microphone, vacuum-tube amplifier, 
and galvanometer (Rappaport and Sprague, 1942), which is actuated 
by the amplified electrical changes. The deflections of the galva- 
nometer are recorded on a moving light-sensitive surface. 

The heart sounds may be recorded directly (Wiggers, 1949). They 
are picked up by a funnellike device applied to the chest wall and are 
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Fic. 27—Hlectrocardiogram and phonocardiogram (A) of a normal dog. The Q 
wave is well defined. The T wave is inverted. The vertical lines are 0.04 sec. apart. 
The heart rate is 110 beats per minute. In the record of the heart sounds, 1 repre- 
sents the first sound, 2 the second. Note that the recording paper was run at a 
greater speed than in Fig. 20. (From Luisada and Mautner, Experimental Medicine 
and Surgery, 1943, 1.) 


then transmitted by a rubber tube to a little chamber across the open 
face of which a delicate rubber membrane is stretched. Adhering to 
the rubber film is a small mirror, which moves with the deflections 
of the film. A band of light from a suitable light source is transmitted 
to the mirror, which reflects it onto a photosensitive surface. 

Graphic records of normal heart sounds are included in Figs. 27 and 
28. Graphic records of the heart sounds of animals have been published 


Fig, 28—Electrocardiogram and phonocardiogram (top) of a normal horse. 
The P wave is double. The P-R interval is longer (about 0.44 sec.) than the 
average for horses. The T wave is diphasic. The vertical lines are 0.04 sec. apart. 
In the record of the heart sounds, 1 represents the first sound, 2 the second. The 
recording paper was run at a high speed. (Courtesy of Dr. A. A. Luisada.) 


1 
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by Luisada, Weisz, and Hantman. See also Luisada, 1953. A phono- 
cardiographic study of the heart sounds of horses has been made by 
Charton, Minot, and Bressou. 

Modifications of the Heart Sounds. In a variety of circumstances, . . 
some normal, some abnormal, the heart sounds may undergo modifica- 
tion, Accentuation, diminution, and reduplication of the sounds are 
recognized. 

Murmurs. These are extra heart sounds generally produced at or 
near a valvular orifice. When structural changes in the valves prevent 
their complete closure or complete opening, turbulence in the blood 
flowing through the narrow opening may occur, with the production 
of sound. 

Systolic murmurs occur, for example, when blood flows from a 
ventricle during systole into the atrium through an incompetent A-V 
valve (mitral or tricuspid regurgitation); when blood flows from a ° 
contracting ventricle through a narrowed aortic or pulmonary orifice 
(stenosis) ; or when blood flows during systole from the left ventricle 
into the right through an opening in the ventricular septum. 

Diastolic murmurs occur, for example, when blood flows during 
diastole from the aorta or pulmonary artery through an incompetent 
aortic or pulmonary valve (aortic or pulmonary regurgitation), or 
when blood fails to flow properly during diastole from atrium to ven- 
tricle because of a narrowed A-V orifice (stenosis). Phonocardiograms 
showing murmurs are seen in Figs. 29 and 30. 


Fic. 29.—Phonocardiogram (top) and electrocardiogram of a horse. Shows a 
late diastolic (presystolic) musical murmur. The ordinary heart sounds are indi- 
cated by 1 and 2. The vertical lines are 0.04 sec. apart. (Courtesy of Dr. A. A. 
Luisada.) 


Fig. 30—Phonocardiogram (top) and electrocardiogram of a horse, Shows a 
diastolic musical murmur. The ordinary sounds are indicated by 1 and 2. The 
vertical lines are 0.04 sec. apart. (Courtesy of Dr. A. A. Luisada.) 


CARDIAC OUTPUT 


The left side of the heart pumps blood through the body and into 
the right side, whereas the latter pumps blood through the lungs and 
into the left side. Obviously the inflow and outflow from the two sides 
of the heart could not be different except for a few beats; otherwise 
stasis of the circulation at some point would result. The cardiac output 
ean be measured rather directly, in laboratory mammals, by recording 
the volume changes of the ventricles inclosed in a cardiometer. The 
thorax is opened and artificial respiration is provided; the ventricular 
portion of the heart is now inclosed in a cardiometer. One form of 
this is a globular chamber with a side tube and a large opening across 
which a thin rubber membrane is stretched and tied. The ventricles 
are introduced into the cardiometer through an opening in the rubber 
membrane, the edges of which fit air-tight around the heart at the 
atrioventricular junction. The side tube of the cardiometer is then 
connected by rubber tubing with a recorder arranged to write on a 
kymograph. Systole results in an increase in the space in the cardiom- 
eter, and the lever of the recorder moves upward or downward de- 
pending on the arrangement of the recorder. Diastole results in a 
decrease of the space and the lever moves in the opposite direction. 
In this way a tracing of the volume changes of the ventricle can be 
made. Optical recording may be used, in which case the volume changes 
could be transmitted to a small chamber the open face of which is 
covered with a rubber membrane to which a tiny mirror is attached. 
The mirror moves with the movements of the membrane. A band of 
light is transmitted to the mirror, which reflects the light onto a moving 
light-sensitive surface (paper or film) in a photokymograph. If abso- 
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lute values are required, the tracings must be calibrated. A calibrated 
cardiometer tracing made by mechanical recording is included in Fig. 
32. 

Absolute values derived as just indicated do not necessarily repre- 
sent the cardiac output in the normal intact animal, but they are of 
' value for purposes of comparison under different experimental condi- 
tions. 

A more direct procedure, in which an optical flowmeter (rotameter) 
is introduced into the pulmonary artery, has recently been devised 
(Seely, Nerlich, and Gregg). The results obtained by this method 
agree well with those obtained by the Fick procedure, described below. 
(Flowmeters placed in the aorta and venae cavae have an inherent 
error in that they do not measure coronary flow.) 

The cardiac output in man and animals under normal conditions 
of rest and work can be estimated indirectly. The output of each 
ventricle per beat is termed the stroke volume of the heart, the systolic 
discharge, or the pulse volume, whereas the output of each ventricle per 
minute is termed the minute volume of the circulation, or the cardiac 


, o minute volume 
output per minute. It is evident that = stroke volume. 
pulse rate 


Therefore if the minute volume could be found it would be a simple 
matter to calculate the stroke volume. Several methods of estimating 
the output per minute are in use. One method—the Fick procedure—in- 
volves a determination of the difference between the oxygen content of 
arterial and venous bloods and a determination of the oxygen consump- 
tion of the animal per minute. In animals samples of arterial and mixed 
venous bloods can be obtained by puncture of the left and the right 
ventricle, respectively, through the chest wall, without greatly incon- 
veniencing the animal or altering its normal condition.1 Samples of 
arterial blood may also be obtained by arterial puncture and samples 
of mixed venous blood by catheterization of the right atrium via a 
jugular vein. The blood samples are analyzed for their oxygen content. 
It is found of course that the amount of oxygen in venous blood is less 
than that in arterial because of the using of oxygen by the tissues. 
The difference represents the arteriovenous oxygen difference and is ex- 
pressed in per cent by volume. It is the number of volumes (ml.) of 
oxygen removed by the tissues from every 100 volumes (ml.) of blood 
pumped from the left ventricle. The second factor required, the oxygen 


1 Serious results may follow puncture of a coronary artery. 
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consumption of the animal per minute, can be measured by methods 
‘described in Chapter XXV. 

‘If the arteriovenous oxygen difference and the oxygen consumption 
per minute are known, the minute volume of the circulation ean be 
calculated by a simple procedure. An example will serve to make this 
clear. Barcroft and co-workers found in resting goats (mean weight, 
23.7 kg.) that the mean oxygen consumption was 176 ml. per animal 
per minute and that the mean arteriovenous oxygen difference was 
5.83 ml. per 100 ml. of blood. The minute volume of the circulation 
(x) was therefore 5.83:100 :: 176:z, or x = 3018 ml. 

In the report of this experiment the pulse rate of the animals is not 
given, but in order to complete the illustration, it may be assumed that 
it averaged 70 per minute. The average stroke volume would therefore 
be 3018/70 = 43 ml. 

Zuntz and Hagemann found the cardiac output of a resting, 342-kg. 
horse to be 24,008 ml. per minute. If a pulse rate of 40 is assumed, 
the stroke volume becomes 600 ml. 

Clark (1927) gives the accompanying estimates of the minute 
volume of the circulation in various animals and man at rest. The 
calculations are based on a known oxygen consumption (shown in the 
table) for each animal and an assumed arteriovenous oxygen difference 
of 5 ml. If estimated pulse rates are supplied, the average stroke volume 
_.can be calculated in each instance, as is done in Table 10. 


Tass 10. MINUTE VOLUME OF CIRCULATION AND 
STROKE VOLUME OF HEART 


Minute 
Volume 
. Body Oxygen Pulse Stroke 
Animal Weight Consumption a Rate Volume 
(a) x100 
5 
kg. ml./min. ml, ml. 
(0) aaa 500 1740 34,800 60 580 
Horse beeen teens 500 [1450 29 ,000 34 852 
'Man............ 70 253.5 5,070 70 72 
Sheep........... 50 199 3,980 75 53 
Dog............ 10 72.5 1,450 100 14 


Another method of estimating the cardiac output is based upon a ` 
determination of the arteriovenous CO, difference and the CO. output 
of the animal. The principle is the same as in the preceding method. . 

Knowing the minute volume of the circulation and the total volume 
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of blood in the body (see Chapter II), one can estimate the time re- 
quired to effect a complete circulation of the blood. Thus if a 500-kg. 
cow has a total blood volume of 36,000 ml. and a minute volume of the 
circulation of 35,000 ml., it is evident that the total circulation time 
would be 

Total volume 36,000 ml. 


Minute volume 35,000 ml./min. 


This value is in fair agreement with measurements of the total circula- 
tion time in cattle by Turner and Herman. They injected a fluores- 
cent substance (fluorescein) into the mammary vein on one side and 
determined, by collection of blood at 5-second intervals, the time re- 
quired for it to appear in the mammary vein of the opposite side. The 
average time was 52 seconds. (See also p. 163.) 

Examination of the figures in Table 10 reveals that in every in- 


= 1.03 min. 


stroke volume (ml.) 
stance the quotient of is more than 1 but less 
body weight (kg.) 
than 2. This number, the output of the ventricle in milliliters per beat 
per kilogram of body weight, Henderson designated as the stroke index. 
He expressed the view that in all athletic mammals it is equal to 1.4 
to 1.8 ml. at rest. 

Ballistocardiography is a technic for recording the motions im- 
parted to the body by the beat of the heart, ejection of blood, and 
its passage through the large vessels. This technic has been used in 
studies of cardiac output. Electrokymography ìs a technic for record- 
ing the motions of the heart or changes in its density by means of a 
beam of roentgen rays passing from a fluorescent screen through a slit 
onto a photoelectric tube connected to a recording device. This technic 
has been used in studies of the cardiac output. 

Schambve has studied the cardiac output of sheep by a dye-injec- 
tion method. 

Variations in the Minute Volume with Work. The real function 
of the circulation is to move blood through the capillaries in order to 
meet the metabolic requirements of the tissues. The nutritive substance 
whose absence or deficiency causes the quickest and most profound tis- - 
sue derangement is oxygen. During muscular work the oxygen require- 
ments of the muscles may be increased many times. Halliburton found 
that actively contracting skeletal muscle may use 13 times as much 
oxygen per minute as during rest. Brief reflection shows that the in- 
creased demands for oxygen may be met by an increase in the effi- 
ciency of utilization of the oxygen in arterial blood, that is, by an 
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increase in the arteriovenous oxygen difference, or by an increase in 
the minute volume of the circulation, or both. That the first of these 
may happen is undoubted. It is referred to again on p. 250. That the 
second factor, the imcrease in the minute volume of the circulation, 
happens is proved by experiments on animals and man. Zuntz and 
Hagemann in their extensive work on the horse found, for example, 
that the minute volume of the circulation of an animal weighing 342 
kg. mereased from 24,008 ml. at rest to 59,511 ml. during work. In 
man a ninefold increase as a result of severe exercise has been observed. . 

An increase in the cardiac output may be brought about by an 
increase in the heart rate or the stroke volume or both. That the heart 
rate increases during muscular work is well known. The increase is 
effected largely through the nervous system and is considered in 
Chapter V. That the stroke volume also may be increased there can 
be no doubt. Such an increase is due in part to nervous influences, 
which receive attention in Chapter V. Yet it is due in part to some 
intrinsic power of the heart to regulate its output, which will be con- 
sidered now. 

Intrinsic Regulation of the Cardiac Output. That there may be 
increases or decreases in the stroke volume of the heart quite inde- 
pendent of nervous control is indicated by experiments in which the 
heart, completely isolated from nervous connections, is arranged in such 
a way that the rate of filling of the right atrium can be varied at 
will and the changes in volume of the ventricles recorded. Such an ar- 
rangement is known as the heart-lung preparation (Knowlton and 
Starling), a diagrammatic representation of which is shown in Fig. 31. 
The thorax of the animal is opened, and the aorta and all its branches, 
except the brachiocephalic artery, are ligated. A three-way cannula is 
inserted into the brachiocephalic artery; a manometer, for recording 
arterial pressure, and a rubber tube are connected to the cannula. This 
rubber tube is then connected with a thin-walled rubber tube inclosed 
in a glass jacket. The air pressure on the interior of the jacket can be 
altered, thus varying the resistance to the flow of blood through the 
thin-walled rubber tube. Another tube runs from the thin-walled rub- 
ber tube to a warming apparatus, and this in turn is connected with a 
venous reservoir, into which defibrinated or heparinized blood is placed. 
The venous reservoir communicates with a cannula in the anterior vena 
cava. The posterior vena cava is connected to a manometer for record- 
ing venous pressure. The pulmonary circuit is left undisturbed, and the 
lungs are ventilated by artificial respiration. The preparation may be 
removed from the body. Furthermore, it may be inclosed in a large 
glass jacket, the pressure on the inside of which can be lowered in 
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Fig. 31—Diagram of the heart-lung preparation. L.V., left ventricle; C., coronary 
circulation; Ao, aorta; A.C., arterial cannula; M:, manometer for registering 
arterial pressure; P.B., pressure bottle; Pm, pump; B, air chamber; R, resistance, 
consisting of a thin-walled rubber tube inclosed in a glass jacket; Wa, warming 
arrangement; V.R., venous reservoir; Cl, adjustable clamp; Ve, venous cannula; 
S.V.C., anterior vena cava; I.V.C., posterior vena cava; R.A. right atrium; R.V. 
right ventricle; L.A., left atrium; L.V., left ventricle; Ma, manometer for register- 
ing venous pressure; P.A., pulmonary artery; Lu, lungs; P.V., pulmonary veins; 
Tr, trachea; X’, tracheal cannula. The arrows indicate the direction of blood flow. 
(From Starling, Principles of Human Physiology.) 
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imitation of the negative pressure of the thorax. As a result of these 
procedures the circulation of blood is as follows: From the left ventricle 
through the variable resistance and the warmer into the venous reser- 
voir; from the venous reservoir into the right atrium and thence into 
the right ventricle; from the right ventricle through the lungs and 
back to the left atrium. The coronary circulation is undisturbed, and 
blood coming from the coronary capillaries is the only venous blood 
in the circulation. It mixes in the right atrium with blood from the 
venous reservoir. Aeration takes place in the lungs. Absence of blood 
flow to the central nervous system abolishes nervous control. 

The heart-lung preparation possesses the following advantages: 
(1) The influence of the nervous system on the heart and the blood 
vessels is entirely removed. (2) The heart rate remains constant. (3) 
The arterial resistance, and hence the arterial pressure, can be con- 
trolled. (4) The cardiac output can be measured directly at the venous 
reservoir. (5) The temperature of the blood can be controlled. (6) 
The rate of venous inflow can be varied. 

From the preparation graphic records may be made of volume 
changes in the heart, of arterial blood pressure, of the volume of the 
circulation, and of venous pressure. If desired, the blood flow in the 
coronary circuit ean be measured and recorded, after insertion of a 
cannula into the coronary sinus. 

If the clamp between the venous reservoir and the right atrium is 
opened, the rate of venous inflow is augmented, and the output of the 
heart must increase correspondingly or the pressure in the right atrium 
and great veins must rise greatly. Tracings show that the venous pres- 
sure increases, but not very much unless the inflow is excessive, whereas 
cardiometer tracings indicate an augmented output, due to an increase 
in the stroke volume, that is, to an increase in the amplitude of the 
heart beat (Fig. 32). The explanation of how it is possible for the heart 
to accommodate this increased venous return and to eject an increased 
amount of blood into the arteries at every systole is afforded by Star- 
ling’s law of the heart, which states that the energy liberated by the 
heart muscle fibers upon contraction varies directly with the length of 
the fibers—that is, the volume of the heart—at the end of diastole. 
The amount of blood expelled from each ventricle during systole is 
determined, therefore, by the extent to which the ventricle is filled at 
the end of diastole, and this is determined by the rate of venous inflow. 
Wiggers states that “the greater systolic discharge is accomplished 
largely by a greater velocity of ejection but to some extent also by 
lengthening of the period of systolic discharge.” 

The ability to contract with greater amplitude when stretched, 
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C f Fig. 32—Showing the effect of variations in venous inflow on the volume and 


output of the heart. C, cardiometer record (upstroke is contraction); BP, arterial 
` pressure; VP, venous pressure. The volume changes (in ml.) may be determined 
by reference to the scale at the left of the tracing. 


. A , B Cc 
. Arterial pressure (mm. Hg) 124 130 . 124 
Venous pressure (mm. H:0) 95 145 55 
Output of heart (m]./10 see.) 86 140 33 


(From Starling, Principles of Human Physiology.) 


within limits, is true not only of heart muscle but of other muscle 
tissue as well. It is probably explained by the increase of surface in 
the stretched muscle. Since the energy released by the chemical changes 
of contraction probably is effective at surfaces in the muscle fibers, 
any increase of surface in the muscle would lead to an increased out- 
put of energy by the muscle upon contraction. 

As previously stated, increased venous return to the heart is not 
accommodated solely by an increase in the stroke volume, but often 
also by a simultaneous increase in the heart rate. The heart-lung 
experiment, in which the pulse rate is constant, proves that the stroke 
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volume can be augmented but does not prove that the rate of the 
heart in the normal animal cannot also be increased when the venous 
return is increased. Indeed, it is common knowledge that the heart rate 
czan be greatly increased. 

Another important adjustment on the part of the heart has been 
studied by use of the heart-lung preparation. This adjustment pre- 
vents a decrease in the output of the ventricle, except for a few 
beats, when the arterial pressure is elevated. As a result of the im- 
crease in arterial pressure, the ventricle discharges less blood for a 
few beats, in consequence of which the volume of the ventricle must 
increase, for the volume of blood entering the heart from the venous 
reservoir remains unchanged. This increase in ventricular volume re- 
sults in lengthened heart muscle fibers which, according to the law of 
the heart, expend more energy in contracting. Thus in a short while 
the ventricle is discharging the same amount of blood as formerly, in 
spite of the elevation of arterial pressure. 

Cardiac Reserve. The heart can meet an increased work load, or 
can maintain a normal output even when its contractile powers are 
impaired, by reason of adaptation. The three adaptive mechanisms 
are (1) an increase of heart rate, (2) an increase of stroke volume, 
and, eventually, (3) hypertrophy. The cardiac reserve ìs the extent to 
which the heart can use these mechanisms in maintaining equivalence | 
of flow into the right atrium and out of the left ventricle. When the 
reserve is inadequate to meet the demands ordinarily placed on the 
heart, chronic heart failure (cardiac decompensation) occurs, and blood 
accumulates in the pulmonary system and right atrium. 


WORK AND EFFICIENCY OF THE HEART 


Since most of the mechanical energy of the heart beat is used in 
expelling blood into the arteries against pressure, the approximate 
amount of the work of the heart per beat can be calculated by use 
of the expression 


W = QR 


where W is the work, Q the volume of blood expelled, and R the mean 
arterial resistance in meters of blood (mean arterial pressure in milli- 
meters of mercury X 0.013, mercury being about 13 times as heavy 
as blood). 

However, not all the mechanical energy of the heart beat is used 
in overcoming arterial pressure; a part is used in giving velocity 
(kinetic energy) to the blood, especially when the cardiac output is 
increased. It follows, therefore, that the expression given above is 
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inadequate, especially during muscular effort. It must contain a ve- 
locity factor. At rest the simple equation probably accounts for 95 
per cent or more of the mechanical work done, whereas during marked 
exercise the velocity factor may be responsible for 20 per cent or more 
of the total work. 

Expressions which contain a velocity factor and which permit the 
calculation of the approximate amount of work done by one or both 
ventricles, respectively, are the following: 


mV? 
W=QR+ 5 for one ventricle, or 
g 
7 mV? 
W = 5 UF + for both ventricles, 
g 


in which Q is the volume of blood expelled during systole, R the re- 


sistance or mean arterial pressure, m the weight of blood ejected, V ~ 


the average velocity at which it is ejected, and g the acceleration due 
to gravity, a constant amounting to 9.8 meters per second per second. If 
Q is in liters, R in meters of blood, m in kilograms, and V in meters per 
second, W will be in kilogram-meters of work during the time under 
consideration. The pressure in the right ventricle is about one-sixth 
that in the left. Therefore QR is multiplied by 7/6 in order to obtain 
the value of QR for both ventricles. R in this case is the mean aortic 
pressure. The velocity factor is the same for each ventricle. Therefore 
the second part of the equation is multiplied by 2 to obtain its value 
for both ventricles. 

An example of the work done per minute by the heart of a cow may 
be given. A mean aortic pressure of 120 mm. Hg, a minute volume 
of 35 liters, and an average aortic velocity during systole of 1.5 meters 
per second will be assumed. 


7 mV? oe 7 
W=-QR+ E 
6 g . : 
__ 7(35 X 120 X 13) 35 X 1.06 X 2.25 : 
6 X 1000 9.8 


= 63.7 + 8.5 = 72.2 kilogram-meters per minute. 


The efficiency of an engine means the percentage of the total energy 
expenditure that is converted into mechanical work. The efficiency of 
muscle is stated similarly. The efficiency of heart muscle has been 
determined on isolated, working hearts by measuring the oxygen con- 
sumption and calculating the mechanical work done in pumping blood. 
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From the oxygen consumption over a given time the total energy ex- 
change as calories can be calculated (1 liter O. = approx. 4800 cal.) 
The mechanical work can be changed into equivalent calories (1 
kilogram-meter = 2.34 cal.). 


. Caloric equivalent of mechanical work 
Efficiency = - X 100. 
Total energy exchange (calories) 


Experiments show, on the whole, that the efficiency of heart muscle 
is about the same as that of skeletal muscle, 20 to 25 per cent. 


CORONARY CIRCULATION 


Heart muscle is supplied with blood by the two coronary arteries. 
These break up into numerous capillaries in the heart wall, thus ensur- 
ing an abundant blood supply to each muscle fiber. The capillaries by 
their union form ultimately the coronary veins, which empty into the 
coronary sinus of the right atrium. Anatomical studies have shown 
that in the heart musculature of mammals there are, in addition to the 
coronary vessels, several types of vessels which establish communica- 
tion between the coronary capillaries and the chambers of the heart. 
There are also arteriosinusoidal and arterioluminal vessels that connect 
the coronary arteries with the capillaries and the heart chambers. 
To what extent these various vessels are concerned in the normal nu- 
trition of the heart is at present uncertain, but that they may be of 
importance under certain pathological conditions of the coronary ves- 
sels is probable. 

Occlusion of a coronary artery, as by ligation or by thrombosis, 
often results in sudden death from ventricular fibrillation (p. 149). 
Occlusion of a large branch, if it does not cause death, will result in 
functional impairment of the heart. The effect on intercoronary col- 
lateral circulation of experimental narrowing of a coronary artery has 
been studied in pigs by Blumgart and co-workers. 

It is now known that the orifices of the coronary arteries are in free 
communication with the aorta during both ventricular systole and di- 
astole, This is contrary to an earlier belief that the cusps of the aortic 
valve close the orifices during systole. That the present view is correct 
is shown by the fact that the pressure variations in the coronary ar- 
teries parallel those in the aorta. In short, blood pressure in the coro- 
nary arteries behaves toward aortic pressure in much the same way as 
does blood pressure in arteries of organs and tissues in general. 

The left coronary artery of the dog is estimated to distribute 80 
per cent of the total coronary blood flow. More than half of the flow 
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in the left artery is distributed through its circumflex branch. Essex 
and co-workers have made studies on the blood flow in the circumflex 
branch of the left coronary artery of the dog under different conditions. 
The thermostromuhr method (p. 165) was used. During exercise the 7 
maximum increase over the control rate of flow was fourfold: blood 
flow during the control period, 60 ml. per minute; during work on a 
treadmill, 250 ml. per minute. Changes in coronary blood flow during 
exercise were more accurately reflected by changes in the pulse rate 
than by changes in the blood pressure (Fig. 33). Adrenaline caused a 
distinct increase of short duration. In some experiments the increase 
was as much as four or five times the resting value. Thyroxine caused 
a prolonged increase in coronary flow, but the effect did not come on 
until more than 24 hours after the injection of the hormone. During 
digestion the coronary flow was increased similarly to the increase 
observed in other arteries of the body. 

Much work has been done on the problem of the coronary flow 
during systole of the heart. Some results have tended to show that 
the flow is reduced or stopped during systole, while other work indicates 
acceleration of flow. Experiments of Green, Gregg, and Wiggers reveal 
that the myocardium receives a very significant supply of blood during 
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Fic. 33—Simultaneous records of blood flow (thermostromuhr method) in 
circumflex branch of left coronary artery, pulse rate, and mean blood pres- 
sure of a dog before, during, and after exercise at two different rates on a 
treadmill. Note that changes in pulse rate reflect changes in coronary blood 
flow more accurately than do changes in blood pressure. (From Essex, 
Herrick, Blades, and Mann, American Journal of Physiology, 1939,125.) 


me 


HEART 123 


contraction, nearly as much in fact as during a similar period of dias- 
tole. The total flow during diastole, however, is much greater than 
during systole because of the greater length of diastole. 

It is estimated that about 5 per cent of the cardiac output passes 
through the coronary arteries. 

Although the coronary arteries receive a rich innervation from 
both the sympathetic and the parasympathetic, it has been difficult 
to obtain clear-cut experimental evidence regarding the effects of 
these nerves on the coronary arteries. Predominant opinion seems to 
be that vasoconstrictor fibers are carried in the vagi and vasodilator 
fibers in the sympathetic nerves to the heart (Wiggers, 1949). The 
vagal vasoconstrictor fibers are probably cholinergic and the sympa- 
thetic vasodilators adrenergic (pp. 134, 135). Acetylcholine causes con- 
striction of coronary arteries in vitro whereas adrenaline and nor- 
adrenaline cause dilatation. Atropine blocks the constriction due to 
acetylcholine (Smith and co-workers). The general subject of the 
vasomotor mechanisms is discussed in Chapter VII. 

The coronary circulation is the subject of a review by Gregg. 


PERICARDIUM 


The physiological significance of the pericardium is not well under- 
stood. Among the several functions that have been attributed to it 
(Wiggers and Green), the following may be mentioned: (1) It protects 
the heart against overdilatation. (2) It provides smooth surfaces for 
the heart’s action. (3) It holds the heart in a relatively fixed position. 
(4) It assists in relaxation of the heart by exerting a suction force. 

That the pericardium is not an essential structure is indicated by 
the fact that animals or people from whom it has been removed may 
continue to live normally. 

The pericardial sac normally contains only a small amount of fluid. 
Pericardial effusions occur in various pathological conditions. In 
traumatic pericarditis in cattle the amount of fluid in the pericardium 
may be very great. It has been shown experimentally in smal] animals 
that when intrapericardial pressure exceeds venous pressure, the latter 
rises and ventricular filling is interfered with. The rise in venous pres- 
sure, however, tends to overcome the resistance to inflow caused by the 
increased intrapericardial pressure, so that the latter may rise con- 
siderably before a critical point is reached. At the critical level of 
pressure within the pericardium, ventricular output and arterial pres- 
sure decrease markedly. The critical level of intrapericardial pressure 
is usually between 100 and 150 mm. saline (Wiggers). 


a 


` 


Chapter V 


HEART (CONTINUED) 


CAUSE OF THE HEART BEAT 


HE question of the cause of the heart beat is an old one toward 

the solution of which much speculation and experimentation have 
been directed. It cannot be said, however, that a complete understand- 
ing of the problem is even near, though a great deal of information has 
accumulated from time to time that points toward a solution. 

The heart is not dependent for its beat upon its connection with 
the central nervous system. This fundamental fact has been known 
for years, and there is ample proof of its correctness, The simplest 
way to prove that the heart, unlike skeletal muscle, is able to continue 
its activity in the absence of connection with the central nervous sys- 
tem is to cut all nerves—vagus and sympathetic—leading to the heart. 
Under these conditions it continues to beat. The proof may be made 
more convincing by completely removing the heart from the body of 
the animal, whereupon, if it is kept under appropriate conditions, it 
will continue to beat for a long time. The frog’s heart does not require 
the care upon excision that the mammalian heart does. The frog’s 
heart is capable of beating for some time without any attention other 
than immersion in warm physiological saline or Ringer’s solution. If 
it is actually perfused with warm Ringer’s solution, it may continue 
beating for several days. The excised mammalian heart requires better 
conditions. A perfusion fluid must be made to pass through the coro- 
nary vessels. The temperature of the perfusate must be close to that of 
the body, and its oxygen tension and hydrostatic pressure must be ade- 
quate. An organ or tissue that continues to act in the absence of 
connection with the central nervous system is said to be automatic, 
or capable of developing its own stimulus to function. The heart, 
according to the results of experiments such as those just described, 
is an automatic organ. 

Myogenic and Neurogenic Theories of the Heart Beat. The 
heart is essentially a muscular organ, although there is a good deal of 
nervous tissue in its make-up. There are two principal theories relative 
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to the origin of the stimulus for the heart beat. (1) The myogenic 
theory in its modern form holds that the excitatory impulse originates 
in the muscle cells of the S-A. node and is then transmitted to the 
atria by way of the interatrial musculature and to the ventricles by 
way of the A-V node and its bundle. (2) The neurogenic theory holds 
that the impulse begins in the nerve tissue of the heart and is then 
transmitted to the muscle cells of the heart by way of the conduction 
system. 

The myogenic theory is the one commonly accepted by physiolo- 
gists. In support of this theory, the following evidence may be cited: 
(1) The heart of the embryo (avian and mammalian) begins to beat 
before nerve cells have made their appearance in it. (2) Individual 
heart muscle cells in tissue culture will contract rhythmically. (3) 
Strips of heart muscle devoid of nerve tissue may be cut from certain 
> regions of the ventricle. These isolated strips can contract rhyth- 
mically. (4) An almost universally accepted view of the significance 
‚Of the nerve cells and fibers in the heart is that that they are the 
effector neurons of the cardiac inhibitory nerves. l 

The heart of the king crab (Limulus) stops beating when its nerve 
tissue, which is easily accessible, is removed (Carlson). It appears, 
‘ therefore, that the heart beat of Limulus is neurogenic. 

All parts of the heart are capable of producing rhythmic excitatory 
impulses, but this property is best developed in the pacemaker and 
- conduction system. _ 
; Fundamental Stimulus and the Action of Ions. As just stated, the 
. beat of the heart is probably myogenic in origin. This conclusion does 
i not, however, furnish any idea of the fundamental cause of the auto- 
‘ matic muscular rhythm of the heart. The issue must be carried a step 
’ further and the fundamental stimulus of the heart sought. In approach- 
` ing this subject one would perhaps expect to find the stimulus con- 
. nected in some way with the composition of the extracellular fluid 
` bathing the muscle cells. This view came into prominence with the dis- 
covery by Ringer, in 1874, that the excised frog’s heart continues to 
' beat for a long time if perfused with a solution of the chlorides of 
sodium, calcium, and potassium, in proper proportion. Such a mixture 
‘is known as Ringer’s solution, the exact composition of which has 
| been varied by different workers, A frequently used formula is as 
| follows: 
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Sodium chloride 0.7 per cent 
Potassium chloride 0.03 per cent 
Calcium chloride _ 0.026 per cent 


Sodium bicarbonate ~ 0.003 per cent 
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Later is was shown that the excised mammalian heart also may be 
kept beating for a considerable time if fed with a modified oxygenated 
Ringer’s solution. Locke’s solution, often used for the heart of mam- 
mals, has the following composition: 


Sodium chloride . 0.92 per cent 
Potassium chloride 0.042 per cent 
Calcium chloride 0.012 per cent 
Sodium bicarbonate 0.015 per cent 
Glucose 0.1 per cent 


The results of numerous investigations on the perfused hearts of 
frogs and mammals tend to show that sodium exerts much of its favor- 
able effect by furnishing a necessary osmotic pressure to the fluid bath- 
ing the heart; that potassium and, in less degree, sodium exert a de- 
pressing effect on the beat of the heart, favoring diastole; and that 
calcium exerts a stimulating effect, promoting systole. Thus when cal- 
cium is absent from the perfusion fluid but sodium and potassium are 
present, the heart soon stops in diastole; whereas when calcium alone 
is present it soon comes to a standstill in a condition of extreme systole, 
known as calcium rigor. Both of the stoppages can be reversed by 
using a more normal perfusion fluid. It has been shown that sodium 
chloride can be replaced to a large extent by any nonelectrolyte that 
is nontoxic and does not enter the cells, for example, cane sugar; that 
potassium can be completely replaced by rubidium and imperfectly 
by cesium; and that calcium can be replaced almost completely by 
strontium but by no other cation (Clark, 1927). 

(The action of potassium and calcium when injected into intact 
animals is more complicated than when these ions are added to fluids 
used to perfuse isolated hearts. For some cardiac and other effects 
of these ions on intact animals, see p. 152.) 

It should not be concluded from the foregoing statements that the 
ions of potassium, calcium, and sodium are the fundamental stimulus, 
but it is evident that the development of the excitatory impulse or 
stimulus is in some way dependent upon, or conditioned by, the pres- 
ence of these ions. It has been suggested that the ions owe their effects 
to changes induced in the permeability of the limiting membrane of the 
heart muscle cells. These changes of permeability influence the rate 
of depolarization and repolarization of the cell membranes. The pace- 
making influence of the S-A node may be explained on the assumption 
that the condition of the cell membrane in this region is such that 
depolarization, with accompanying excitation, takes place more rapidly 
than in other parts of the heart. 

Other facts and theories relating to the fundamental stimulus of 
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the heart could be given, but no real answer to the question of its 
exact nature is available. Probably the situation in the heart, whatever 
its nature, is not basically different from that in any other automatic 
tissue. 

Metabolism of Heart Muscle. Whatever the ultimate stimulus 
of the heart may be, the energy for cardiac contraction must come, of 
course, in the long run from the oxidation of organic substances 
brought to the heart by the blood. The oxygen consumption of the 
heart doing moderate work in the heart-lung preparation is of the order 
of 350 ml. per 100 gm. per hour (Evans). When the work of the heart 
is increased, or when the heart rate is increased without an increase 
in mechanical work, the oxygen consumption goes up. With a constant 
heart rate, there is a high positive correlation between diastolic volume 
and oxygen consumption. 

An important question with respect to the metabolism of cardiac 
muscle is the nature of the foodstuff oxidized. Studies of the respiratory 
quotient (p. 620) of the heart show that it is usually high (0.8 to 0.9) 
but may fall to a low level during carbohydrate shortage. It may there- 
fore be concluded that the heart can oxidize not only carbohydrate but 
other substances as well. Furthermore, studies of the carbohydrate 
utilization of the heart show that this is usually too small to account 
for all the oxygen consumption, The low respiratory quotients some- 
times met with (0.7) tend to show that fat is the other substance 
oxidized. In addition, direct examination of the blood and heart in the 
heart-lung preparation suggests that the heart can use fat for energy 
purposes. Apparently amino acids are not directly oxidized for energy 
by the heart. 

Experiments indicate that the heart is capable of utilizing large 
amounts of lactic acid brought to it by the blood, as much as 40 per 
cent of the total metabolism being due to the oxidation of this sub- 
stance. Cardiac muscle contains significant amounts of glycogen, and 
it has been suggested that blood glucose is used mainly to restore 
glycogen, which is converted to lactic or pyruvic acid for oxidation. 
However, the heart can use glucose directly; this it does in inverse 
ratio to lactic acid utilization. 

In general, the metabolism of heart muscle is similar to that of 
skeletal muscle; the principal difference appears to be in the impor- 
tance of lactic acid in cardiac metabolism. The immediate source of 
the energy for contraction of heart muscle is believed to be the same 
as in skeletal muscle, namely, the breakdown of adenosine triphos- 
phate (ATP). 

Heart muscle has little ability to contract anaerobically and to 
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accumulate an oxygen debt. It is largely an aerobic mechanism. Its 
_ abundant blood supply is correlated with this fact. 


RESPONSES OF HEART MUSCLE TO STIMULATION 


Several properties of cardiac muscle may be revealed by stimu- 
lating the heart with appropriate stimuli—electrical, mechanical, 
thermal, or chemical. The electrical stimulus is usually used. All these 
properties are possessed in some degree by skeletal muscle, and some 


° of them are fundamental properties of protoplasm, 


All Contractions Maximal. This means that if heart muscle re- 
- sponds at all to stimulation, it contracts with the greatest strength 
possible for the particular condition of the muscle at the moment; it is 
also referred to as the all-or-none principle. This fact can easily be 
. shown by tying a ligature around a frog heart at the sinoatrial junc- 
- tion, whereupon the atria and ventricle, cut off from the sinus venosus, 
stop beating for a time. The tip of the quiescent ventricle is then 
connected by a thread to a light lever. The lever is arranged to write on 
a kymograph, and provision is made for electrical stimulation. Excita- 
tion of the ventricle, if the stimulus is above the threshold, causes as 
extensive a contraction with a weak stimulus as with a strong one. 
In this respect heart muscle differs from skeletal muscle, the extent of 
the contraction of the latter being dependent upon the strength of the 
stimulus applied. The explanation of the difference in the response 
of these two classes of muscle is believed to lie in their histological 
structure and not in any fundamental physiological differences. Car- 
diac muscle fibers form a syncytium, that is, freely anastomose, so that 
a stimulus applied to any part of the ventricle excites all other parts, 
thus throwing the whole heart into contraction. On the contrary, 
skeletal muscle fibers are separated from one another by a distinet 
sarcolemma, which prevents spread of excitation from fiber to fiber, 
In skeletal muscle, therefore, only those fibers that are directly stimu- 
lated contract, and different degrees of contraction are brought about 
by stimulating different numbers of fibers. The response of the indi- 
vidual fibers of skeletal muscle is all or none. 

Recent work by Robb seems to show that mammalian heart mus- 
cle, like skeletal muscle, is organized on a unit basis. Connective tissue 
sheaths isolate small cones or units of cardiac muscle, each unit being 
supplied by conduction tissue. The diameter of a muscle mass repre- 
sented in a unit was found to be 1 to 2 mm. These units contract as a 
whole and maximally, but excitation of other units can be effected, 
not by direct spread of an impulse from one unit to another, but only 
by retrograde transmission in the conduction system and then pe- 
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ripheral spread to other islands of cardiac muscle. Within a unit, 
syncitial arrangement of the muscle fibers is present, and all-or-none 
contraction of the unit presumably occurs. 

Staircase Effect. If the ventricle, made quiescent as indicated 
above, is stimulated with single effective shocks at intervals of, say, two 
to five seconds, and the height of each contraction is recorded on a 
kymograph, it will usually be found that the first four or five con- 
tractions form an ascending series. This is known as the staircase effect, 
or treppe. It is not a contradiction of the all-or-none law, for the 
strength of stimulation remained the same. It means that some in- 
provement in the condition of the cardiac muscle has taken place 
as a result of the first few responses to stimulation. The nature of the 
favorable change which occurs is unknown. Possibly there is an ac- 
cumulation of ions or metabolites that raise the irritability of the 
muscle or increase the permeability of the cell membrane. 

Refractory Period of the Beat. When stimulated during systole, 
heart muscle can show no additional contraction, for, according 
to the all-or-none principle, it is already contracting maximally. The 
period of systole is therefore an absolutely refractory period. The end 
of the T wave of the electrocardiogram marks approximately the end 
of the absolutely refractory period. Following this period there is a 
relatively refractory period during which the excitability of the heart 
is increasing but has not yet returned to normal. The relatively refrac- 
tory period occurs early in diastole. 

The refractory period can be illustrated on the exposed, beating 
heart of the frog connected with a muscle lever as described above. 
If the stimulus is applied to the ventricle during systole, no change in 
the tracing occurs; the heart is refractory. When, however, the stimulus 
is applied during diastole, a premature systole followed by a com- 
pensatory pause occurs, and the pause is the longer the earlier in 
diastole the stimulus is applied. During the relatively refractory period 
a stronger stimulus is required to evoke a response than during the 
rest of diastole. The explanation of the compensatory pause is simple: 
it occurs because the next regular rhythmic discharge from the sinus 
venosus to the ventricle, instead of evoking a normal ventricular 
systole, falls in the refractory period of the premature contraction and 
is therefore ineffective. The ventricle must then await the next dis- 
charge from the sinus venosus before it can contract. 

The phenomena of refractory period, premature beat, and com- 
pensatory pause apply also to the mammalian heart. Electrical or me- 
chanical stimuli to the heart may be used. 

It is commonly stated that heart muscle, unlike skeletal muscle, 
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cannot show summed contractions and cannot be tetanized, that is, 
thrown into continuous contraction by a series of rapid stimuli. The 
explanation lies in part in the long refractory period. Robb’s recent 
work appears to show that summed contractions and incomplete . 
tetanus can be evoked in mammalian heart muscle. These properties 
are explainable in terms of the unit arrangement of mammalian 
heart muscle, as previously noted (p. 128). 


NERVOUS REGULATION OF THE HEART 


It has already been stated that the heart is an automatic organ, 
that is, that it generates its own stimulus for contraction and is there- 
fore not dependent upon the nervous system for the cause of its beat. 
In spite of the fundamental automaticity of the heart, it is constantly 
influenced by the nervous system, which regulates the frequency and 
force of the beat. The function of the cardiac nervous mechanism is to 
ensure the proper co-ordination and adjustment between the beat of 
the heart and the blood requirements of different parts of the body. In 
the absence of this regulatory influence, the output of the heart cannot 
be increased sufficiently to meet the demands of the body. 

Efferent Cardiac Nerves. The efferent nerves by which the heart 
is regulated are derived from the vagus and the sympathetic nervous 
system (Chapter XXXV). Most of the vagal cardiac fibers tend to 
slow or stop the heart beat. They are therefore referred to as the 
cardio-inhibitory nerve fibers. The sympathetic cardiac nerves tend to 
accelerate the beat and to increase its force and are therefore termed 
the accelerator nerves. Recent work has shown the presence of ac- 
celerator fibers in the vagus nerve, especially the right. 

An extensive anatomical study of the innervation of the heart of 
the dog and cat has been made by Nonidez. 

Cardio-inhibitory Nerves. The cardio-inhibitory fibers, contained 
in the vagi, leave these nerves and pass to the heart by way of the 
cardiac plexus. The cardio-inhibitory fibers belong to the parasympa- 
thetic division of the autonomic nervous system. They therefore 
have peripherally located nerve cells around which the preganglionic 
fibers terminate and from which postganglionic fibers arise to pass 
to their destination. The cells of origin of the postganglionic fibers are 
believed to be the numerous nerve cells found within the heart itself. 

The action of the inhibitory fibers is to slow the heart or even stop 
it for a short time in diastole, as may be shown by isolating the vagus 
nerve in the neck of an animal, dividing it, and stimulating its pe- 
ripheral end. The tendency of the right vagus nerve, when stimulated, 
to cause complete inhibition is greater than the tendency of the left. 
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The blood pressure is usually greatly reduced by the stimulation. Some 
effects of vagus stimulation are shown graphically in Figs. 34 and 35. 
The inhibitory action of the vagus is true not only of mammals but of 
animals far below the mammals. In mammals the action at birth is 
often weak or absent (Kellogg, Huggett); in such cases inhibition is 


Fic. 34—Showing slowing of the 
heart due to stimulation of the 
peripheral end of a cervical 
vagus nerve (in the pig). The 
signal (s) indicates the duration 
of the stimulus. The slowing of 
the heart was accompanied by 
larger beats. During the longer 
diastoles the ventricles were 
filled more completely and, in 
accordance with the law of the 
heart, gave more forceful beats. 


increased or acquired later. The regulation of the heart rate in fetal 
lambs has been studied by Reynolds. 

The question of the place of action of the vagus fibers on the heart 
has frequently arisen. The action is principally on the atria. The sino- 
atrial node, the atrial musculature, the A-V node, and the upper part 
of the A-V bundle are affected. The action on the pacemaker and, 
upper part of the conduction system is mainly to decrease the atrial 
rate (chronotropic effect), whereas the direct action on the atrial - 
musculature is to decrease the strength of atrial contraction (inotropic 
effect). There is little or no direct action of the vagi on the mam- 
malian ventricle, although of course the ventricular rate is diminished 
as a result of atrial slowing. Ventricular slowing is accompanied by 
increased stroke volume. On the frog ventricle the vagus is capable of 
exerting a powerful depressing effect (Clark, 1927). If vagus stimula- 
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tion has caused complete inhibition of the heart, the ventricles, but 


usually not the atria, escape from the inhibition and begin to beat- 


again even though the stimulation is maintained. Ventricular escape 
results from the development of an ectopic rhythmic center in a ven- 
tricular portion of the conduction system of the heart. 

The ecardio-inhibitory nerve fibers are in a state of tonus. This 
means that they are constantly discharging inhibitory impulses to the 


Fic. 35.—Effect of. stimulation 
of the peripheral end of a vagus 
nerve (left) on the heart beat 
and blood pressure (of a horse). 
The signal (s) indicates the 
duration of the stimulus. A 
mercury manometer was con- 
nected to the central end of a 
carotid artery. A clamp on the 
rubber tube leading from the 
arterial cannula to the manom- 
eter was partly closed in 
order to damp the oscillations 
of the mercury. Chloroform 
anesthesia. | 


heart. It will be shown later that the tonus of these fibers is de- 
pendent upon the tonus of their cells of origin in the medulla oblongata. 
That these nerve fibers are in a state of tonus is easily proved by 
cutting the vagus nerves, whereupon the heart rate is increased (Fig. 
36). The normal intensity of inhibitory tonus, and the consequent 
increase in heart rate following section of the vagi, vary in different 
animals. Animals with small hearts in relation to body weight (non- 
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athletic animals) have relatively rapid pulses when at rest, and sec- 
tion of the vagi can cause little acceleration; whereas animals with 
large hearts in relation to body weight (athletic animals) have rela- 
tively slow pulses when at rest, and section of the vagi causes great 
acceleration. A rabbit, an animal with a small heart, had a normal 
pulse rate of 205 and a pulse rate after vagal section of 321, an in- >. 
crease of only 56 per cent; whereas a hare, an animal with a large | 
heart, had a normal pulse rate of 64 and a pulse rate after vagal section 
of 264, an increase of 312 per cent (Clark, 1927). The heart of the pig 
shows only a relatively small percentage increase after vagus tran- 
section or the injection of atropine, which blocks transmission at the 
inhibitory terminal mechanism in the heart (Dukes and Schwarte). 
It is now generally held, on the basis of very substantial evidence, ` 
that the vagi exert their inhibitory effect by liberating, at their 
terminations in the heart, the chemical substance acetylcholine. In 
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Fic. 36—Effect of section of the vagi on the heart rate and blood pressure 
(in the dog). At 1, the right vagus was sectioned; at 2, the left vagus. The 
numerals along the blood pressure curve indicate the heart rate. (Dawson; 
from Howell, Physiology; copyright—W. B. Saunders Company.) 
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fact, the evidence strongly indicates that most, probably all, para- 
sympathetic nerve fibers exert their effects by liberating acetylcholine 
at their terminations. Such fibers are said to be cholinergic. 

Accelerator Nerves. Most of the accelerator nerves of the heart 
are derived from the sympathetic system. The preganglionic fibers’ 
leave the spinal cord on each side in the ventral roots of the second, 
third, fourth, and fifth thoracic nerves. The synaptic junctions of the 
preganglionic fibers are situated in the first thoracic and the last 
cervical ganglia. From cells in these ganglia the accelerator nerves 
arise, as postganglionic fibers, and run to the heart in the cardiac 
plexus in close relation to the inhibitory nerves. 

Evidence obtained in recent years (Kabat; Brouha and co-workers) 
indicates that some of the accelerator fibers of the heart run in the 
vagi, especially the right vagus. These fibers originate from nerve cells 
in the medulla and are not distributed through the sympathetic. They 
are believed to be capable of reflex excitation in the normal animal, 
for experiments indicate that they play a part in the reflex acceleration 
of the heart which occurs when there is a fall of blood pressure (Haney, 
Lindgren, and Youmans). 

The action of the accelerator nerves on the heart is opposite to 
that of the inhibitory nerves. Stimulation of the accelerator nerves 
usually causes the heart to beat faster (Fig. 37). There may also be 
an increase in the force of the beat. This will be reflected in beats of 
larger size (Fig. 38). The increases in rate and stroke volume may 
occur simultaneously or separately. If a great increase in rate occurs, 
the stroke volume may decrease. The increase in rate which accom- 
panies stimulation of the accelerator nerves is brought about by an 
action on the S-A node, whereas the increase in force is brought about 
by direct action of the accelerator nerves on the musculature of atria 
and ventricles. The sympathetic nerves, therefore, unlike the vagi, 
directly affect the ventricles. This is apparently true in all vertebrates. 
Sometimes during sympathetic stimulation the pacemaker of the heart 
shifts to the A-V node, the irritability of which has been increased 
by the stimulation. The shift may be revealed by electrocardiographic 
studies. 

The accelerator nerves are in a state of tonus. This is indicated by 
experiments of Bronk and co-workers, who recorded the electrical 
changes (spike potentials) in the accelerator nerves arising from the 
stellate ganglia. A continuous discharge of impulses exerting a tonic 
accelerator and augmentor effect on the heart was noted. The fre- 
quency of the impulses was usually less than 10 or 15 per second. The 
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discharge in the accelerator nerves was influenced by reflexes and by 
changes in the chemical composition of the blood. 

It is now generally recognized that the accelerator nerve fibers are 
adrenergic, that is, that they liberate at their terminations in the 
heart adrenaline or an adrenalinelike substance. Present evidence indi- 


Fic. 37—Acceleration of 
the heart (in the pig) due 
to stimulation of an ac- 
celerator nerve (filament 
of left cardiac plexus). 
The signal (s) indicates 
the duration of the stimu- 
lus. There was a lag of 
about 13 seconds between 
the beginning of the 
stimulus and the begin- 
ning of the acceleration. 
The return of the heart 
rate to normal is not 
_ shown. 


cates that noradrenaline is the principal adrenergic nerve mediator or 
transmitter. However, adrenaline is present in small amounts mixed 
with noradrenaline. (Other names for noradrenaline are norepinephrine 
and arterenol; other names for adrenaline are epinephrine and ad- 
renine. The natural forms are levorotatory. Adrenergic nerve mediators 
are sometimes designated by the general term sympathin.) 

It is suggested that noradrenaline and acetylcholine, the trans- 
mitters of effects of adrenergic and cholinergic nerves, exert their ac- 
tion on heart and other tissues by affecting the polarization of surface 
membranes or the metabolic rate of the cells. 
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Cardiac Reflexes. The tonus of the cardio-inhibitory and cardio- 
accelerator fibers is dependent upon the tonus of the cardiac reflex 
centers in the medulla oblongata. The cardio-inhibitory center, from 
which the cardio-inhibitory fibers arise, is located in the dorsal nucleus 
of the vagus. The accelerator center, from which the accelerator paths 
originate, is probably also located in the medulla oblongata, although 
its position has not been determined. In close physiological and ana- 


Fic. 38—Augmentation 
of the heart beat due to 
stimulation of a branch 
of the cardiac plexus (in 
the pig). The signal (s) 
indicates the duration of 
the stimulus. Note the 
absence of cardiac ac- 
celeration, 


tomical relationship with the cardiac centers are the vasomotor centers, 
by which the caliber of the blood vessels is regulated. Vasomotor con- 
trol is discussed in another chapter. 
Each of the cardiac reflex centers is influenced by the inflow of 
afferent nerve impulses from several sources, and it is by reason of this 
continual bombardment that the tonus of the centers is maintained 
and varied. The tonic activity of either center may be reflexly in- 
creased or decreased. Because of this the heart is under a very flexible 
nervous regulation. It is usually believed that most of the regulation 
takes place through the inhibitory mechanism. Experiments by 
Murphy on dogs suggest, on the other hand, that the function of the 
inhibitory mechanism is to maintain a basal heart rate lower than that 
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seen under ordinary circumstances. Under usual conditions a faster 
heart rate obtains because of reflex reduction of the tone of the cardio- 
inhibitory center and reflex stimulation of the accelerator center. When 
the animal is kept in quiet surroundings and is thus shielded from its 
environment, the heart rate, under the influence of the inhibitory 
mechanism, slows to its basal level, and no activity of the accelerator 
mechanism is evident. The accelerator mechanism is therefore regarded 
as an emergency mechanism helping to maintain the faster heart rate 
together with its variations, which characterize ordinary existence. 

The statement that the cardiac reflex centers are influenced by 
afferent impulses from several sources needs amplification. Stimulation 
of the central end of practically any nerve containing afferent fibers 
may cause reflex alteration of the heart rate. But the most important 
reflex effects on the heart are brought about by stimulation of nerves 
with receptors situated in the aortic arch, in the carotid sinus, and 
in the heart itself. 

Located in the wall (adventitia and media} of the aortic arch are 
nerve endings the stimulation of which causes reflex slowing of the 
heart and a fall of blood pressure. Under normal conditions these 
receptors are excited mechanically by the rise of blood pressure in the 
aorta at every beat of the heart. They are therefore pressure receptors 
(baroceptors). The nerve fibers transmitting these impulses constitute 
the aortic or depressor nerve. In most animals the aortic nerve runs to 
the medulla as a part of the vagus. In the opossum it is said to form an 
anatomically separate nerve. In the rabbit the fibers under considera- 
tion run in a nerve separate from the vagus, but the nerve is not made 
up exclusively of depressor fibers. It contains some pressor and efferent 
fibers as well (O’Leary, Heinbecker, and Bishop). 

If the blood pressure rises, the aortic pressure receptors are stimu- 
lated, whereupon a reflex slowing of the heart and a fall of blood pres- 
sure take place. If the blood pressure falls below normal, there is a 
cessation of impulses via the aortic nerve. This releases the cardio- 
inhibitory center from the stimulating effect of the aortic nerve and 
the cardio-accelerator and vasoconstrictor centers from the inhibiting 
effect. The heart therefore beats faster and vasoconstriction takes 
place. A return of blood pressure to normal occurs. So far as is known, 
there are no receptors in the aortic arch that are stimulated by the fall 
in pressure. The drop in pressure releases receptors from stimulation. 

The slowing of the heart that results when the aortic nerve is stimu- 
lated doubtless takes place through both the cardio-inhibitory and the 
cardio-accelerator centers, the one being stimulated, the other inhibited 
The vasodilatation is caused principally by an effect on the vaso- 
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constrictor center, which is inhibited; but under conditions of strong 
stimulation of the aortic nerve the vasodilator center is also brought 
into action. The vasomotor responses are further discussed on p. 208. 
Arising in the carotid sinus, a bulbous enlargement at the bifurca- 
tion of the carotid artery, is an afferent nerve—the sinus nerve, a 
branch of the glossopharyngeal—stimulation of which likewise causes 
reflex cardiac inhibition and a fall of blood pressure. This nerve has 
pressure receptors in the wall of the carotid sinus which are stimulated 
at every beat of the heart by the rise of blood pressure in the sinus. The 
carotid sinus mechanism works on exactly the same principle as the 


Fic. 39——Inhibition of sympathetic impulses to the heart by raising the 
pressure in the carotid sinus. The upper record shows the pressure variations 
in the sinus; the lower record, action potentials in sympathetic fibers to 
the heart. (From Bronk, Research Publications of the Association for 
Research in Nervous and Mental Disease, 1940, 20.) 


aortic depressor mechanism just described. Stimulation of pressure 
receptors in the carotid sinus by an intrasinusal rise in pressure causes 
nerve impulses to pass to the centers in the medulla concerned in the 
reflex regulation of the circulation. The cardio-inhibitory center is 
stimulated and the cardio-accelerator center is depressed (Fig. 39). 
Thus the heart rate is decreased. The vasoconstrictor center is inhibited 
and under some conditions the vasodilator center is stimulated. Thus 
the blood pressure falls. For some effects of stimulation of the sinus 
nerve in the horse, see p. 214. 

The aortic and sinus nerves are sometimes referred to as the mod- 
erator or buffer nerves. By causing cardiac slowing and vasodilatation 
they prevent the blood pressure from rising too much. They are there- 
fore of great concern in the normal regulation of the circulation. In the 
regulation of the heart rate the afferent mechanism of the aorta is more 
important than that of the carotid sinus (Winder). 

According to the work of Bainbridge and others, the rate of the 
heart is kept reflexly adjusted to the rate of venous flow into the right 
- atrium. When the venous inflow is augmented, nerve impulses pass 
to the medulla oblongata by way of the vagi. These impulses decrease 
cardio-inhibitory tone and to some extent increase accelerator tone, 
and so cause an increase in heart rate. This reflex is often termed the 
Bainbridge reflex. The location of the receptors for the Bainbridge 
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reflex is usually stated to be the region at the root of the anterior vena 
cava. Work by Ballin and Katz confirms the existence of the Bain- 
bridge reflex in most of the dogs studied, but these authors were 
unable to obtain definite evidence as to the location of the receptors. 
Some of the observations suggested that reflexes originating in the 
pulmonary vessels and heart chambers other than the right atrium 
might be involved. 

The aortic and carotid bodies contain nerve endings (chemorecep- 
tors, chemoceptors) which respond to certain chemical changes in their 
environment. These chemoceptors are concerned in the reflex regulation 
of the circulation. They are discussed elsewhere (p. 211). 

The hypothalamus can influence the activity of the heart via the 
cardiac nerves. However this part of the brain-stem is not essential 
to cardiac control (p. 209). - 

The cerebral cortex is capable of affecting the cardiac centers in 
the medulla. The changes in heart rate that accompany such psychic 
states as anger, fear, and embarrassment suggest that this is so. Ex- 
perimentally it has been shown that electrical stimulation of any one 
of a large number of regions of the cerebral cortex can bring about 
cardiovascular changes, including cardiac acceleration (p. 210). 

_ The principal drive of the cardiac nerve centers is derived reflexly. 
Yet it is probable that under some conditions chemical stimuli in the 
blood bathing the centers are of importance in determining their action. 
An increase of carbon dioxide or a decrease of pH may stimulate the 
cardio-inhibitory center. It is doubtful, however, if under ordinary 
conditions these factors are of much significance in the regulation of 
the centers. 

Some Cardiac Nervous Effects in the Pig and Sheep. Very little 
work has been done on cardiac regulation in farm animals. Dukes and 
Schwarte made some observations on this topic and on vasomotor 
responses (p. 214) in the pig. The evidence indicated that vagus tone 
was fairly well developed. Cardio-inhibitory power was better de- 
veloped in the right vagus nerve than in the left. Stimulation of the 
cardiac plexus of the pig gave acceleration and augmentation of the 
heart beat. 

Rangsit studied certain cardiac nervous and vasomotor (p. 214) 
reactions in sheep. The degree of vagus tone as indicated by the in- 
crease in heart rate following injection of atropine varied. In some 
animals it was very definite, whereas in others it was slight. Stimula- 
tion of the peripheral end of one vagus nerve never caused complete 
inhibition of the heart. Complete inhibition upon stimulation of the 
peripheral ends of both vagi was not the usual response. 
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Reynolds has made observations on the effect of vagotomy in the 
ewe (lightly anesthetized) as a part of his studies on the regulation of 
the heart rate in fetal lambs. Vagus tone was found to be weak. Stimu- 
lation of the peripheral end of the transected vagus slowed or stopped . 
the heart. 


CHEMICAL REGULATION OF THE HEART 


Nervous control (including neurohumoral control) of the heart 
has just been considered. That chemical factors are also concerned 1n 
cardiac regulation is generally recognized. But it is a question whether 
a specific chemical regulator—a heart hormone—is involved in cardiac 
control. Most investigators have been unable to confirm the idea of a 
heart hormone. 

Among the chemical factors affecting the heart beat the following 
may be mentioned: (1) certain cations, Na, Ca, K, present in the 
blood and tissue fluids (p. 125), (2) adrenaline, and (3) carbon dioxide 
and other acid products of metabolism. 

The effect of adrenaline on the heart may be studied on an isolated 
preparation perfused with Locke’s solution. The hormone is added to 
the perfusate. Both the rate and the amplitude of the beat are increased 
(Fig. 40). This is brought about by stimulation of the sympathetic 
terminal mechanisms in the heart. The oxygen consumption of the 
heart is increased. 

In the intact animal adrenaline injection causes reflex slowing of 
the heart because of the stimulation of the aortic and carotid sinus 
receptors by the high blood pressure, which results from widespread 
vasoconstriction. The reflex bradycardia is followed by paroxysmal 
ventricular tachycardia, This results from depression of the S-A and 
A-V nodes by vagus action and the development of a ventricular 
ectopic center by the action of adrenaline. 

Noradrenaline and adrenaline are similar chemically, the latter 
being a methylated derivative of noradrenaline; but on some organs, 
at least, there are important differences in their actions. However, the 
circulatory effects (heart rate, blood pressure, and blood flow of the 
dog) of the two compounds in identical doses are practically the same 
(Wakim and Essex). 

Carbon dioxide is a waste product of cellular metabolism. However, 
it is more than this. It exercises favorable, in some cases indispensable, 
controlling effects in the body. Within limits carbon dioxide exerts a 
stimulating effect upon the heart, increasing both the force and the 
frequency of the beat. Other acid products of metabolism probably act 
similarly. 
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Fic. 40—The effect of adrenaline on the isolated heart (of the rabbit), At the 
signal the hormone was injected into the perfusion fluid feeding the heart. Both 
the rate and the amplitude of the beat are increased. (From Dukes and Batt, 
Cornell Veterinarian, 1941, 31.) 


The average limit of blood acidity that the heart of the normal 
(anesthetized) dog can tolerate is pH 6.25. The limit is the same for 
hydrochloric and lactic acids (Gertler, Hoff, and Humm). 


EFFECT OF TEMPERATURE ON THE HEART 


The response of the heart to changes in the temperature of the fluid 
bathing its cells may be studied in several ways: (1) by perfusing 
the isolated organ with a fluid whose temperature can be varied; (2) 
by use of a heart-lung preparation in which temperature is the variable 
factor; (3) by intravenous infusion of fluids of different temperatures 
into intact animals; and (4) by changing the temperature of the whole 
- animal by subjecting it to variations in the environmental temperature. 

It is well known, of course, that as the temperature is increased 
the heart rate increases and that as the temperature is lowered the rate 
decreases. The changes in heart rate are brought about by changes in 
the rate of chemical reactions going on in the pacemaker cells. The 
type of curve which defines the relationship between temperature and 
heart rate is, however, not fully agreed upon by research workers. 
Knowlton and Starling in their pioneer work on the heart-lung prepa- 
ration found a linear relationship between temperature and heart rate, 
but some workers have obtained nonlinear curves in both mammalian 
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hearts and the hearts of cold-blooded animals under some conditions. 
Badeer has recently reinvestigated the question in heart-lung prepara- 
tions with improved technics. The temperature around the S-A node 
was recorded with a needle thermocouple inserted into the region of the 
node and the rate of firing of the node was determined electrocardio- 
graphically. It was found that in the range of 25 to 38°C. the tempera- 
ture-pacemaker relationship is linear, thus confirming Knowlton and 
Starling. Badeer offers a discussion of the nonlinear relationship re- 
ported by a number of other workers. 

Landsteiner and Hayes investigated the effect of the temperature 
of the blood on the heart rate by injecting physiological salt solution 
at various temperatures into the jugular vein of intact anesthetized 
cats and rabbits. Infusion of cool solutions (22°C. to 36°C.) caused a 
slowing of the heart of 20 to 100 beats below the normal. Infusion 
of saline solutions at body temperature caused no change in the heart 
rate. Infusion of warm saline solution (438°C. to 57°C.) caused ac- 
celeration of the heart of 10 to 90 beats above the normal. The effect 
of the infusions on the heart rate was not altered by bilateral vagotomy 
nor by the type of anesthetic used. In general the lower the tempera- 
ture of the saline solution injected the more pronounced was the 
bradycardia; the higher the temperature the more pronounced the 
tachycardia. 

The cardiac acceleration that accompanies fever results from an 
increase in the metabolic rate of the S-A node, 


HEART RATE 


As a rule smaller animals have a faster heart rate than larger 
animals. This is related to the fact that the smaller animals have 
a higher metabolic rate per unit of body weight. It is pointed out by 
Brody that the pulse rate is directly proportional to the basal oxygen 
consumption per unit of body weight in mature animals of different 
species. 

The inverse relationship between heart rate and body size applies 
both within the species and among the different species. For example, 
a small dog may have a resting heart rate of 120 beats per minute, 
whereas a large dog may show a rate of only 80 or less. The heart rate 
of the mouse is some 600 beats per minute; rat, 400; guinea pig, 280; 
elephant, 30. 

In some species there is a sex difference in the heart rate, but this 
is not present in all species. 

Young animals have a faster heart rate than mature animals. This 
is illustrated in the horse and ox by Table 11. The faster rate in young 
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TABLE 11. CHANGES In Putse RATE WITH AGE 


Age Pulse Rate 
Horse.........-.-.0005 8-10 weeks 60~ 79 
6 months ' 60~ 71 
10-12 months 50~ 68 
2 years 44~ 65 
So 3 years 39- 62 
a 4 years 36- 59 
` ; i 5 years 36- 57 
OX... eee eee oeeaaeaii. - Fetus 154-175 
7 Newborn 118-148 
6-12 hours 115-1386 
2- 4 days ` 110-125 
8-14 days 105-115 
k 1 month 100-115 
3 months 90-105 
6 months 85-103 
1 year 80- 98 


(Data from Ellinger as cited by Tigerstedt.) 


animals is explained in part by their smaller size. Another factor is that 
tonic vagal inhibition is less developed in young animals. 

A seasonal variation in the heart rate of dairy cows has been re- 
ported by Ralston and co-workers. The highest rates were seen in April 
and October, the lowest in June and August. 

Other physiological factors influencing the heart rate are excite- 
ment, muscular exercise, high environmental temperature, digestion, 
and sleep. Changes in heart rate are seen in a variety of pathological 
conditions. 

Resting heart rates of animals are shown by the following figures 
(n beats per minute): 


Horse 32-44 Dog 70-120 
Horse (Thoroughbred) 38-45 Cat . 110-130 
Dairy cow 60-70 Chicken , 200-400 
Sheep and goat 70-80 Man 60-90 
Pig 60-80 


As a part of their electrocardiographic studies on normal dairy 
cattle, Alfredson and Sykes (1942) determined the heart rates of the 
animals. The mean rate for all the cattle was 71.6 beats per minute. 
The standard error of the mean was 1.22 beats per minute. For animals 
up to 1144 years of age, the rate was considerably greater, the average 
being 82.5. For animals over 14% years old, the average rate was 67.8. 
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Variations in heart rates of dairy cows have been studied by 
Blaxter, who points out that when heart beats are counted with a stetho- 
scope an initial high rate should be disregarded. Standing was found 
to increase the heart rate 5 to 7 beats per minute over lying. Rumina- 
tion caused a slight increase in rate. Eating caused a definite increase 
in heart rate; at the end of a large meal rates of over 100 beats per 
minute were not abnormal. 

In the work of Thomas and Moore, the heart rate of cows showed 
a definite increase during the last three months of gestation. During 
lactation there was a decrease in heart rate, which was similar to the 
decline in milk production. When nutrients were consumed in excess 
of the requirements, the heart rate increased. Heart rate in the dairy 
cow is directly proportional to the total metabolism of the animal. 
Heart rates of dairy cows as affected by gestation and lactation are 
shown in Fig, 41. 

In an electrocardiographic study on beagle dogs ranging in age 
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Fie. 41—Average heart rate of dairy cows during the last three months of 
pregnancy (left) and during lactation (right). The number of cows in the pregnant 
group was 19. The number in the lactating group averaged 20 and included animals 
in the first to seventh lactation. The intake of total digestible nutrients in the 
lactating group was 100 to 110 per cent of the normal requirement. (Graph by 
Thomas and Moore; from data in Journal of Dairy Science, 1951, 34.) 
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from 5 to 284% months, the heart rate varied from 90 to 180, with a 
mean of 138 (Petersen and co-workers). In other work on the canine 
electrocardiogram, the heart rate of animals 2 to 6 months old ranged 
from 88 to 214, and of those over 6 months old, from 67 to 214 
(Lannek). 

Booth and Rankin determined the heart rate in over 100 normal 
cats, mostly mature. The mean rate was 176 beats per minute, with a 
standard deviation of 44. 

In studies of the electrocardiogram of chickens (White Leghorn 
females), the heart rate varied from 180 to 340, with a mean of 279 
(Sturkie). Other work on the heart rate of the domestic fowl includes 
that of McNally and of Henderson and Hathaway. 

The making of electrocardiograms on untrained excitable animals 
may cause a distinct acceleration of heart rate because of the excite- 
ment accompanying the different procedures. 

The basal heart rate of the dog appears to be much lower than the 
rate when taken under ordinary conditions. Murphy determined the 
heart rates of. normal quiet dogs that had been required to fast for 
12 hours and had rested for an hour in a quiet room. The rates obtained 
under these conditions ranged from 50 to 56 beats per minute and were 
considered to be near basal. In the same group of dogs before special 
treatment the rates ranged from 80 to 130. 

Basal heart rates below 40 have been reported in athletes (White). 


EFFECT OF MUSCULAR EXERCISE ON THE HEART RATE 


Increased muscular effort calls for more oxygen, which is largely 
supplied by increasing the minute output of the heart. As has been 
shown, this may be brought about by an increase in the stroke volume 
_or the heart rate or both. That the heart rate is usually distinctly 
increased as a result of exercise is a familiar fact. The possible increase 
‘is directly correlated with the intensity of vagal tone at body rest. 
- The increase in heart rate that accompanies exercise is caused by a 
number of factors, some of which are the following: (1) During exer- 
cise the motor discharges originating in the higher brain centers and 
passing to the skeletal muscles apparently affect the respiratory and 
cardio-inhibitory centers, stimulating the former and inhibiting the 
latter. This may help to increase the respiratory and cardiac rates at 
the very beginning and throughout the course of the exercise. Stimula- 
tion of the accelerator mechanism may also occur. (2) The increased 
venous return to the heart, caused by the augmented aspiratory action 
of the thorax and the massaging action of contracting skeletal muscles 
on the veins, may bring about acceleration of the heart by evoking 
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the Bainbridge reflex. (3) With prolonged exercise a rise of temperature 
may be of importance in causing cardiac acceleration. (4) Liberation 
of adrenaline may be a factor. oo 


SOME CARDIAC ARRHYTHMIAS 


Experimental Neurosis. Sheep in which this condition has been 
developed show a cardiac disorder characterized by a rapid and irregu- 
lar pulse and by great sensitivity of the heart to stimuli which in other 
sheep produce no change in the heart action (Anderson, Parmenter, and 
Liddell}. 

Sinus Arrhythmia. This heart irregularity is very common in quiet 
dogs and may occur in other animals and in people at rest. The ar- 
rhythmia may be so pronounced as to be readily detected by ausculta- 
tion of the heart or palpation of the pulse. The electrocardiogram 


Fig. 42—Sinus arrhythmia in a normal dog. 
Note the variation in the T-P intervals. 


reveals the presence of the usual waves in normal sequence. It is the 
spacing of the waves that is affected, the principal change being in the 
interval from T to P. This interval varies inversely with the heart 
rate (Fig. 42). Sinus arrhythmia is due to alternate increase and 
decrease of vagal activity and bears a relation to respiration, there 
being acceleration of the heart during inspiration and slowing during 
expiration. Apparently at least two factors enter into the production 
of the arrhythmia. (1) Stretch of the lungs during inspiration stimu- 
lates pulmonary receptors which give rise to nerve impulses that de- 
press the cardio-inhibitory center and thus cause the heart to beat 
faster. (2) Impulses pass from the inspiratory center to the vagus 
center, inhibiting its activity, with resulting heart acceleration. This 
cardiac irregularity is completely harmless. 

Anything that diminishes the inhibitory control of the heart or 
increases the accelerator control will cause the arrhythmia to dis- 
appear. Thus excitement, exercise, and the administration of atropine 
are effective in abolishing the arrhythmia. It disappears under ether 
anesthesia, but it may be observed under pentobarbital anesthesia. 

A form of sinus arrhythmia unrelated to respiration may occur in 
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certain cardiac disorders in man, but whether or not it occurs in ani- 
mals appears not to have been determined. 

Respiratory sinus arrhythmia is the only arrhythmia present in 
normal dogs (Lannek). 

.Heart Block. In this condition there is defective transmission of 
impulses in the conduction system of the heart. Three stages of atrio- 
ventricular heart block are recognized: incomplete, partial, and com- 
plete. In incomplete heart block there is a prolongation of the atrio- 
ventricular conduction time (P-R interval of the electrocardiogram). 
‘In partial heart block some of the impulses from the sinoatrial node 
“fail to get through to the ventricles, which are not excited. The electro- 
cardiogram reveals normal P waves but occasionally absent ventricular 
complexes (Q-T). In complete heart block all impulses fail to reach 
the ventricles and the upper and lower chambers beat at independent 
rates, the ventricular rate being much slower than the atrial. 

The various stages of atrioventricular heart block can be produced 
by experimental compression of the A-V bundle or they may occur 
in clinical cases. All three stages of heart block may be seen in horses 
(Dukes, Batt, Luisada, Roos, Lannek, Detweiler). Partial heart block, 
the commonest form, is reported to occur in 16 to 20 per cent of horses 
, (Norr, cited by Lannek; Detweiler). Partial heart block of horses is 

, usually functional, disappearing after the injection of atropine or 
during excitement. Functional heart block is caused by overaction of 
the vagus on the A-V node. The first beat after the dropped beat has 
been designated as the post-block beat; the Q-T interval is shortened 
and the T wave changes in amplitude (Detweiler, Lannek). The 
changes in the electrocardiogram in the post-block beat are probably 
due to sympathetic overaction during that beat. 

An electrocardiogram of partial heart block in a horse is shown in 
Fig. 43 and one of almost. complete heart block in Fig. 44. 

Bundle-Branch Block. Experimental or clinical damage to a branch 
of the A-V bundle will produce, among other things, a characteristic 
prolongation and change in the form of the QRS group, Alfredson and 
Sykes (1940) observed in calves, however, that changes in the duration 
and form of the QRS after section of either bundle-branch were much 
less marked than in dogs. They suggest that differences in the intra- 
ventricular conduction system in the two species might explain the 
differences seen in the electrocardiograms of bundle-branch block. 
These same investigators have shown that the QRS group is prolonged 
and its contour and voltage changed in calves on a low-potassium 
diet. 

Premature Beats. Heart muscle is refractory to stimuli applied 
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during systole. However, atria or ventricles will respond with a pre- 
mature beat if a stimulus is applied during the nonrefractory period. 
If the atria respond with a premature beat, the ventricles will also 
contract in due course. The premature contraction is followed by a 
compensatory pause (p. 129). 

Any part of the myocardium or its conduction system may become 
the seat of the heightened irritability which causes a stimulus for a 
premature beat to arise. If the premature beat is initiated in the S-A 
node or the atrial musculature, it is designated as an atrial premature 
beat; if it is initiated in the ventricle, it is termed a ventricular pre- 
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Fic. 43—Electrocardiogram (lead III) of a horse showing partial heart block. 
Note the absence of a ventricular complex after the second P wave. The diphasic 
P wave is not abnormal. The P-R interval (0.40 sec.) is longer than the average 
for horses, The wave after P is the atrial T wave, which may be evident when the 
P-R interval is prolonged. The T wave shows a high voltage. 


mature beat; if it arises in the A-V node, it is a nodal premature beat. 
Premature beats may not indicate any cardiac disease at all, but 
they may occur when there is an interference with the blood supply 
to some part of the myocardium. The irritability of the ischemic region 
may thus be heightened to a point where it becomes a pacemaker 
setting off one or more premature beats. 

Ventricular premature beats may occur under conditions of over- 
action of the vagi, particularly if there is an accompanying stimulation 
of the sympathetic nervous mechanism to the heart. The vagi supply 
the S-A node, the atria, and the A-V node but not the ventricular 
musculature. During vagus stimulation the normal pacemaker is in- 
hibited but there is little or no direct effect on the ventricles, The 
sympathetic nerve supply reaches the ventricles. During inhibition of 
the normal pacemaker the sympathetic mechanism, particularly if its 
action is enhanced by emotional stress or by adrenaline, may cause 
the development of a ventricular ectopic center which will lead to pre- 
mature beats or even to ventricular tachycardia. 

Premature beats are not thought to be common clinical occurrences 
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in animals. However, few studies of j y 
the question appear to have been : 
made. Lannek states that Nörr re- 
ported that of 100 horses that had _ ; 
arrhythmia of the heart and pulse H 
15 per cent showed premature beats ~ 
(“extrasystoles”). Premature beats 
(“extrasystoles”) have been found 
in clinical electrocardiographic 
studies in the dog. In this animal 
they are regarded as pathological 
signs (Lannek). 

Ventricular Fibrillation. When 
a coronary artery is occluded, the 
normal ventricular contractions 
often cease and a condition known 
as ventricular fibrillation sets in. 
This incoordinate type of contrac- 
tion, when fully developed, is quite 
ineffective in pumping blood. The 
blood pressure therefore falls to a 
very low level and death rapidly 
follows. Other causes of ventricular 
fibrillation are stimulation of the 
ventricle with induction shocks or 
with condenser discharges of fairly 
high frequency (10 to 15 shocks per 
second or higher); stimulation with 
an alternating current of relatively 
low yoltage or with direct current; 
thermal, mechanical, cr chemical ir- 
ritants applied to the heart; and 
inhalation of toxic amounts of 
chloroform, benzene, cyclopropane, 
and other vapors. 

Single induction shocks or single 
condenser discharges seldom cause 
fibrillation, but single shocks with 
direct (galvanic) current may pre- 
cipitate this condition. 

Intravenous injections of cal- 
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showing almost complete heart block. The record shows numerous regularly spaced 
cular complexes. The third ventricular complex probably arose under the influence of 
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the normal pacemaker. (From Dukes, Cornell Veterinarian, 1940, 30.) 


Fic. 44—Electrocardiogram of a horse 
atrial waves (P) but only three ventri 
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cium salts for therapeutic purposes in cows may result in acute toxicity - 
and, occasionally, in sudden death. The chloride is more dangerous in 
this respect than the gluconate. Ventricular fibrillation is probably the 
usual cause of death when it occurs under these circumstances. 

Several stages of ventricular fibrillation are recognized. First there 
are premature ventricular beats, usually arising from multiple foci of 
hyperexcitability in the ventricle. Then comes a stage of tachycardia, 
which lasts a second or less. Next to develop is a condition, sometimes 
designated as ventricular flutter, in which there are irregular localized 
contractions accompanied by large electrical changes at a frequency of 
600 or more per minute. In 15 to 40 seconds ventricular flutter passes 
into fully developed fibrillation. This “is characterized by multitudes 
of irregular yet forceful, shivering or trembling motions, each spread- 
ing very short distances and with highly variable frequencies over dif- 
ferent surface regions” (Wiggers, 1944). The accompanying electrical] 
changes are small and have frequencies of 1100 to 1700 per minute. 
After two or three minutes, as the effects of circulatory failure and 
anoxia of the myocardium develop, the waves of contraction become 
weaker and travel more slowly. 

In the stage of flutter intraventricular pressure is raised to some 
extent, but in the stage of fully developed ventricular fibrillation it is 
raised only very slightly. 

Ventricular fibrillation does not involve the atria, these chambers 
continuing to beat in a normal manner. 

A commonly held theory of fibrillation is that of re-entry of im- 
pulses. These start from a repetitively discharging focus in the myo- 
cardium and spread to more remote regions of the heart. They even- 
tually reach the discharging focus, which has now passed out of the 
refractory period into an excitable state. Re-entry of the impulses 
thus takes place and their propagation and recircuiting occurs. Ap- 
parently the greater the myocardial mass the greater are the chances 
that the circuiting impulses will reach a part of the myocardium that 
has passed out of its refractory period and that can therefore permit 
their re-entry and propagation. This offers a suggestion as to why 
large hearts so seldom come out of fibrillation spontaneously whereas 
small hearts often do. 

Effect of Electric Shock on the Heart. An extensive study of this 
subject in animals has been made by Ferris and co-workers. Their 
standard conditions included the use of 60-cycle alternating current 
for a duration of 3 seconds. The electrodes were applied to the right 
foreleg and the left hind leg. They point out that current rather than 
voltage is the correct criterion of shock intensity. The average maxi- 
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mum current not causing fibrillation in the different species is shown 
in Table 12. In the smaller species (guinea pig, rabbit, cat) there was 
a tendency for the hearts to recover spontaneously from fibrillation. 
In tests on 500 sheep there was only one spontaneous recovery from 
ventricular fibrillation. (It is a well-known fact that in dogs spontane- 
ous recovery is rare.) Electrocardiograms made during ventricular 
fibrillation were alike whether the fibrillation had been produced by 
direct current or alternating current. The heart was found to be most 
sensitive to fibrillation for shocks that were applied during the part 
of the ventricular cycle corresponding to the T wave of the electro- 
cardiogram. 


TABLE 12. Maximum 60-CycLe Current Nor Causine FIBRILLATION 
OF VENTRICLES 


(Duration of shocks, 3 sec. Electrodes on right foreleg and left hind leg) 


roe Maximum 
Species Body Weight Nonfibrillating 
(av). Current (av.) 
kg. _ milliamp. 
Guinea pig....................00--. 0.55 20. 
Rabbit........ 0... c ec eee eee eae 2.2 25 
Cate ccc ccc ccc cee cence nee nes 2.9 23 
Dog... cece eee eee ee 22 92 
Pigs. cece cece cece eee oreraa -79 , 200 
Sheep....... 0... cece cece eee eee ee 66 240 
50721 5 a 70 270 


(Data from Ferris and co-workers.) 


As to man, Ferris and co-workers concluded as follows: “A current 
just below the threshold for ventricular fibrillation is the maximum to 
which man safely may be subjected. Based upon numerous tests on 
animals of several species comparable in size with man, this maximum 
current is about 0.1 ampere, for a duration of one second or more and 
a pathway between an arm and a leg.” 

Defibrillation of the Ventricle by Electric Shock. It has been known 
for many years that the ventricle can be thrown into fibrillation by 
electric current passing through the heart and that it can be defibril- 
lated by strong current flowing for a short time through the fibrillating 
heart. Ferris and co-workers found that fibrillation produced by an 
electric shock can usually be stopped and the heart be made to beat 
normally again by a subsequent electric shock of high intensity and 
short duration through the heart. 
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In recent years much interest has centered around the problem of 
electric defibrillation of the fibrillating ventricle. The subject is not 
only of theoretical interest but of practical importance in surgical and 
other work. Voltage and amperage requirements for defibrillation have 
been investigated and different types of defibrillators devised. Alternat- 
ing current countershocks are usually used (Guyton and Satterfield; 
Leeds, Mackay, and Mooslin; Stearns, Maison, and Stutzman), but 
condenser discharges and other types of countershock have been shown 
to be effective (Lape and Maison). It is now possible with relatively 
simple equipment and with a high degree of success to restore the 
fibrillating ventricle to a normally beating condition, even in the intact 
animal. 

It has been suggested that trains of shocks stop fibrillation “by 
blockage of fibrillation action potentials as they momentarily enter 
the effective field of the stimuli” (Guyton and Satterfield). A single 
strong shock is effective probably because it throws the entire ventricle 
into a refractory condition, after which the normal pacemaker resumes 
control. 

Heymans has recently reviewed the subject of survival and revival 
of nervous tissues after circulatory arrest. The subject is closely related 
to the sudden arrest of the circulation that occurs in ventricular fibril- 
lation and cardiac standstill. 

Effects of Injections of Calcium, Potassium, and Magnesium. 
Cardiac and respiratory effects of intravenous injections of calcium, 
potassium, and magnesium in dairy calves have been studied by Berg- 
man and Sellers. Intraventricular pressures, electrocardiograms, phono- 
cardiograms, and pneumocardiograms were recorded. Calcium injec- 
tions (gluconate, chloride) produced bradycardia followed by terminal 
tachycardia and in some cases ventricular fibrillation and death. 
Atrial flutter was seen in some experiments, Other electrocardiographic 
changes were noted. Potassium injections produced progressive intra- 
ventricular block and cardiac arrest. Magnesium injections caused 
anesthesia, respiratory embarrassment, and in one instance respiratory 
failure and death. The effects on the heart were not striking. Atrio- 
ventricular and intraventricular conduction was depressed. Souza has 
reported on the action of calcium, potassium, and magnesium ions on 
the heart of the sheep. 

Some effects of calcium injection are shown in Figs. 45, 46, and 47. 

Craige has studied the reactions of cows to intravenous injections 
of calcium salts. 

Atrial Fibrillation. In this condition the atria show rapid, irregular, 
more or less incoordinated contractions which are of no value in 
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Fic. 45.—Carotid pressure, electrocardiogram, and respirations of a calf before 
(left), during (center), and after (right) injection of calcium chloride. Center 
record shows heart block and ventricular premature beats. Right record shows 
tachycardia and a sudden fall of blood pressure. A few seconds later ventricular 
fibrillation followed by death occurred. Probable bundle-branch block at arrow. 
_ (From Bergman and Sellers, American Journal of Veterinary Research, 1954, 15.) 


: emptying the chambers. They therefore become distended. The P waves 
- of the electrocardiogram are absent, but fine electrical changes at a 
-frequency of several hundred per minute are present. Atrial fibrilla- 
tion can be produced experimentally by stimulating the atria with 
repeated electric shocks, by injection of aconitine into the region of 
the S-A node, and in other ways. Atrial fibrillation does not result in 
ventricular fibrillation, but the rate of the lower chambers is usually 
altered. In man and the dog it is faster than normal, whereas in the 
horse it may be decreased, within the normal range, or increased 
(Detweiler). Atrial fibrillation induced by electrical stimulation often 
disappears shortly after the shocks are discontinued, but it may con- 
tinue for some time after the stimulus has ceased. That caused by 
` aconitine injection may last for a considerable time. 

Atrial fibrillation may be preceded by a condition of atrial flutter. 
- Here the beat is regular but very rapid. 

A clinical condition of atrial fibrillation is common in man (Lewis, 
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Fig. 46.—Effect of calcium on the electrocardiogram (ECG) of the sheep under 
pentobarbital sodium anesthesia. All records are from the same animal. 


(Explanation of Fig. 46 appears on facing page.) 
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Fic. 47. Ventricular fibrillation in an unanesthetized sheep after intravenous injec- 
tion (in several amounts) of 1000 ml. CaCl: (2.5 per cent). (From Souza, Action 
of Anesthetics and Ions on the Heart, thesis, Cornell, 1952.) 


Wiggers), and it is sometimes seen in animals (Roos, Batt, Lannek, 
Detweiler). The clinical condition can be diagnosed by a study of the 
electrocardiogram and of the jugular pulse. 


A. Normal ECG, lead II, sheep standing. Heart rate, 150 beats per minute. 

B. ECG of sheep under pentobarbital sodium anesthesia and lying on right 
side. Heart rate, 150. T wave inverted. 

C. ECG after intravenous injection of 50 ml. of 5 per cent CaCl, Heart rate, 
150. T wave inverted and amplitude decreased. 

D. After a second injection of 50 ml. CaCl solution. Heart rate, 176. T wave 
inverted and amplitude very small. 

E. After a third injection of CaCl, solution, this time 100 ml. Heart rate, 100. 
P wave just evident, T upright, QRS altered. 

F. After a fourth injection of CaCl, solution, 100 ml. Heart rate, 166. T upright 
and of high voltage, ST segment lacking. 

G. Ten minutes after F. Average heart rate, 50. P wave and ST segment 
absent, T inverted. 

H. Two minutes after G. Heart rate, 30. P and ST absent, R and T of high 
amplitude. 

I. Three minutes after H. Virtual cardiac arrest. Death shortly thereafter. 
(From Souza, The Action of Anesthetics and Ions on the Heart, thesis, Cornell, 

. 1952.) 


Chapter VI 


FLOW OF BLOOD IN THE BLOOD VESSELS 


BLOOD-VASCULAR SYSTEM 


HE blood vessels of the body are of three main kinds: arteries, 

capillaries, and veins. Three types of arteries are recognized: 
elastic, muscular, and arterioles. Elastic arteries include the aorta, 
some of its large branches, and the pulmonary artery. Their walls con- 
tain much yellow elastic connective tissue. Muscular arteries contain 
a great deal of smooth muscle in their walls. Arterioles are small 
muscular arteries. Running from smal! arterioles directly to venules 
are arteriolovenular bridges, or thoroughfare channels, which are short 
circuits between the arterial and venous circulations. The proximal 
portions of these channels are muscular and are termed metarterioles. 
True capillaries begin at precapillary sphincteric offshoots from the 
thoroughfare channels and comprise an interanastomosing system of 
vessels devoid of muscular elements. The metarterioles and precapillary 
offshoots undergo periodic changes in caliber which serve to limit 
blood flow to the thoroughfare channels or permit it to pass through 
the extensive capillary bed. This motor activity is termed vasomotion. 
The thoroughfare channels are always open to the circulation, but 
the flow through the capillary net is variable, being related to the 
activity of the tissues which it supplies. Capillaries unite to form 
tributaries which flow into the distal portion of the thoroughfare chan- 
nels. 

The thoroughfare channels are thought to be important places of 
outward filtration, whereas the true capillaries, in which there is a 
lower hydrostatic pressure, are believed to be important places of in- 
ward filtration or absorption (Chambers and Zweifach). 

In addition to the above-described vascular arrangements in the 
region of the capillaries, there also exist arteriovenous anastomoses. 
These are direct connections, or shunts, without the intervention of 
capillaries, between arteries and veins. They are larger than capillaries, 
some of them having internal diameters of 200 microns or more. They 
are present in birds and mammals, including man. In birds they oceur 
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especially at the base of the claws. In mammals they are found in the 
penis, at the base of the claws or hoofs or in the toe pads, in the ears, 
in the nose and snout, in the liver, spleen, and lungs, and in other 
locations. They have been extensively studied in the ears of rabbits 
by means of permanently installed transparent windows (Clark, 1938). 
They behave much as do arteries and arterioles, being capable of 
spontaneous contraction and dilatation. When dilated they allow a 
large quantity of blood to pass directly from artery to vein without 
traversing the capillaries. In some locations they probably assist in 
heat loss or the warming of peripheral parts by bringing larger amounts 
of blood to the surface. In other locations they probably have other 
functions. 

The number of capillaries in the body is inconceivably great. Some 
studies by Krogh are of interest. This worker estimated that in a skele- 
tal muscle fragment (horse) with a cross section no larger than that of 
an ordinary pin (about 0.5 sq. mm.) there are some 700 parallel capil- 
laries in addition to about 200 muscle fibers. In the dog the number 
of capillaries in a similar transverse section is nearly twice as great, 
but in the frog only about a third as great. The surface presented by 
1 ml. of blood as it flows through the capillaries of the skeletal muscles 
of the horse is 7300 sq. cm.; of the dog, 5600 sq. cm.; of the frog, 2700 
sq. em. If all the capillaries in the skeletal muscles of a man could be 
placed end on end, the tube formed would reach around the world 
some two and a half times. 

The systemic circulation conveys arterial blood from the left side 
of the heart to the body tissues generally, and returns venous blood 
from the tissues to the right side of the heart. The pulmonary circula- 
tion conveys venous blood from the right side of the heart to the lungs, 
where gaseous exchange takes place, and returns arterial blood to the 
left side of the heart. The coronary circulation is a part of the systemic 
circulation; it supplies blood to the heart itself. The term portal circu- 
lation is applied to the circulation of the portal blood through the 
liver. The portal vein receives venous blood from the capillaries of the 
stomach, intestine, pancreas, and spleen, and in the liver it breaks up 
into capillaries like an artery. These capillaries unite to form the 
hepatic veins, which open into the posterior vena cava. Therefore blood 
passing through the capillaries of the gastrointestinal canal, pancreas, 
and spleen must pass through this second set of capillaries in the liver 
before it enters the posterior vena cava. The liver also receives blood 
from the hepatic artery. This is mixed with the portal blood in the 
liver. 
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HISTORICAL 


In this system of vessels the blood is kept in continuous circulation 
mainly by the force of the heart beat. Some of the ancients believed 
that the movement of blood was of the nature of a circulation, but it 
remained for the English physician, William Harvey, to demonstrate 
experimentally that this is so. The results of his experiments were pub- 
lished in Latin, in 1628, and may be read in English in a number of 
translations. 


MICROSCOPIC STUDIES OF BLOOD FLOW 


Convincing evidence that the blood circulates may readily be ob- 
tained by microscopic studies of the blood movements in tissues of 
various animals such as the web of a frog’s foot, the mesentery or blad- 
der of small mammals, the mesentery even of the horse (Fahraeus), 
the conjunctiva or nictitating membrane of the horse (Knisely and 
co-workers), the ear of the cat or rabbit, or the skin of man. Such 
studies also furnish information about the nature of the flow of blood 
in arterioles, capillaries, and venules. The blood flow in the vessels 
of the web of the frog’s foot may be described as follows: 

The velocity in the arteries and veins is rapid, whereas in the 
capillaries it is slow. Pulsations are frequently seen in the arteries, but 
usually not in the veins and capillaries. In capillaries, however, the 
flow is not always uniform; at times it may come practically to a stop. 
In the wider vessels the red cells are usually found in the center of the 
stream moving comparatively rapidly, whereas the white cells, much 
less numerous than the reds, are found at the periphery of the stream 
moving in an irregular manner. They tumble along, frequently coming 
to a standstill and apparently sticking momentarily to the sides of 
the vessel wall. They then detach themselves, move farther along, 
and again slow down or stop. The reason why the red cells are drawn 
into the rapidly moving center of the stream and the white cells are 
crowded into the nearly inert peripheral part of plasma is that there 
are differences in the size of the two classes of corpuscles; the red 
corpuscles of frogs are larger than the white corpuscles and are there- 
fore drawn into the center of the stream. (In mammals the situation 
is said to be reversed: the white cells, because of their large size, are 
drawn to the axis of the stream [Fahraeus].) In capillaries it is seen 
that the corpuscles usually flow in single file because of the narrowness 
of the vessels. The blood flow in arterioles and venules is often so simi- 
lar that it is hard to tell which kind of vessel is under observation. If 
the vessel can be traced to a bifurcation, a decision can be made. If the 
flow in the vessel under consideration is toward the bifurcation, the 
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vessel is an artery; if the flow in the vessel is away from the bifurca- 
tion, the vessel is a vein. 

Studies on the capillary blood flow in the kidney of the frog show 
that all the capillaries are not open at once; the flow is shifted from 
capillary to capillary and from glomerulus to glomerulus (Richards). 
Similar shifting has been noted in the capillaries of the skin of man and 
the ear of the rabbit (Krogh). In fact, it is now believed that, espe- 
cially in resting tissues, many of the capillaries are closed, others only 
partly open, and still others widely open. As the tissue becomes active 
more capillaries open, thus increasing the blood supply. As previously 
noted, the thoroughfare channels are always open to the circulation. 

Observations on the blood flow in the arterioles and capillaries of 
the mammalian lung in the unopened chest have been made by Wearn 
and co-workers. The subject was the cat, which was kept under light 
but complete anesthesia. Through a window in the diaphragm the lower 
edge of the lung was transilluminated, and through a window in an 
intercostal space the circulation was observed with a microscope. Ob- 
servations were made both in moving and immobilized lungs. Blood 
flow in the arterioles was usually steady and nonpulsating, but at times 
it was pulsating. Changes from the nonpulsating to the pulsating flow 
and the reverse were commonly seen. Arterioles would appear and 
disappear. The wall of the capillary could not be seen but the flow 
of blood in the vessel could be followed. “The number of capillaries 
through which the blood flows at a given time varies greatly and may 
represent a very small fraction of the total number of capillaries in the 
lungs.” Intermittence of blood flow in the capillaries was very com- 
monly seen. Proof that the capillary wall could contract was not 
obtained. Variable results on blood flow were obtained with adrenaline. 
Pituitrin caused constriction of the arterioles. Histamine often caused 


`~. closure of arterioles and capillaries. 


FLOW OF A LIQUID IN TUBES 


Before further study ís made of the flow of blood in the blood 
vessels, it will be profitable to review briefly the flow of liquids in 
rigid and elastic tubes under different conditions of pressure. 

In Rigid Tubes. If a reservoir containing water (or some other 
liquid) is connected at its base with a horizontal rigid tube, water 
will flow from the distal end of the tube in a steady stream, provided 
some means are taken to keep a constant level of water in the reservoir. 
If, as in Fig. 48, a series of vertical glass tubes are now connected at 
regular intervals to the horizontal tube, water will rise in each tube 
to a height corresponding to the side pressure of the water in the 
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Fic. 48.—The flow of liquid in a rigid tube. The vertical tubes indicate the pressure 
at various points in the horizontal tube. The potential energy represented by the 
pressure of the heavily shaded portion of liquid in the reservoir imparts velocity 
to the liquid as it leaves the reservoir. It is termed the velocity head. The 
potential energy represented by the pressure of the lightly shaded portion of 
liquid is used up in overcoming frictional resistance. It is called the resistance 
head. 


horizontal tube at the point where it is connected to the vertical tube. 
The side pressure as measured by any vertical tube is equal to the 
frictional resistance offered to the flow of the liquid from that point 
to the distal end of the horizontal tube, or is equal to the pressure 
necessary to drive the liquid along the tube from the point of measure- 
ment to the outer end. Because the resistance is greater the farther 
the point of measurement is removed from the distal end of the hori- 
zontal tube, the column of water is highest in the vertical tube nearest 
the reservoir and lowest in the vertical tube farthest away from the 
reservoir. The pressure gradient, that is, the fall in pressure from tube 
to tube, is a straight line. The velocity of the liquid at any point in 
the horizontal tube is inversely proportional to the eross-sectional 
area of the tube or to the square of the radius, Therefore if the hori- 
zontal tube of uniform cross-sectional area is replaced by one whose 
area is not uniform, the velocity will vary from point to point. 

If the horizontal tube of uniform cross-sectional area is equipped 
with a partially closed stopcock situated somewhere along its course, 
the pressure in the proximal part of the tube will be increased and that 
in the distal part decreased (Fig. 49). Reducing the flow through the 
stopcock will cause the pressure on the left to rise and that on the right 
to fall. Increasing the flow through the stopcock will cause the pressure 
on the left to fall and that on the right to rise. 


The volume of flow past a given cross section of tube varies directly 
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Fig. 49.—The flow of liquid in a rigid tube with high resistance at one point. The 
partly closed stopcock supplies the high resistance. The high pressure proximal . 
to the stopcock and the low pressure distal to it correspond, in a way, to arterial 
and venous pressures, respectively. 


as the pressure drop along the tube and inversely as the resistance to 
flow offered by the tube. This is indicated in the following simple ex- 

pression of Poiseuille’s law: ` o 

Pressure 

Flow = ———_——-- 

Resistance 

The mechanical arrangements just described are comparable, in 
some respects, to the blood-vascular system. The part of the tube from 
the reservoir to the stopcock represents the arterial system, the re- 
sistance offered by the partially closed stopcock represents the variable 
resistance encountered by the blood as it flows through the arterioles 
and capillaries (peripheral resistance), the part of the tube distal to 
the stopcock represents the venous system, and the nonuniform cali- 
ber of the horizontal tube signifies that the total cross-sectional area of 
the vascular bed is not the same in all parts. There are, however, some 
obvious differences between the system just described and the circula- 
tory system: the flow of blood from the heart into the arterial system 
is not uniform but intermittent, and the walls of the blood vessels, 
especially the arteries, are elastic. In an effort to correct these differ- 
ences, an intermittent pump may be substituted for the reservoir, and 
an elastic tube for the horizontal rigid tube. 

In Elastic Tubes. If liquid is pumped intermittently into one end 
of a rigid tube, as much liquid must leave the distal end at every stroke 
of the pump as enters the proximal end, and the pressure in the tube 
must rise to a high point during action of the pump and fall to zero 
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between strokes. No liquid will issue from the distal end of the tube 
between strokes. This is true even if the outlet of the tube is con- 
stricted (Fig. 50, 1). If, on the other hand, liquid is pumped rhythmi- 
cally into an elastic tube with resistance at the peripheral end, the 
intermittent flow from the pump is converted into a continuous flow 
from the other end of the tube; for a part of the force of each stroke 
is used to distend the wall of the elastic tube. The potential energy 
thus stored up manifests itself during the resting phase of the pump 


Fic. 50.—Diagrams illustrating the flow of liquid under intermittent pressure in 
rigid and elastic tubes. A, A’, rubber bulbs with valves; B, B’, rigid tubes; C, an 
elastic bag. Rhythmic compression of A results in an intermittent flow from the 
end of B. Rhythmic compression of A’ results in a continuous flow from the end 
of B’ because C, distended during compression of A’, recoils during the idle phase 
of the pump. 


as kinetic energy of elastic recoil. In this way liquid is driven out of 
the far end of the tube in a continuous stream even during the idle 
phase of the pump, and the pressure in the elastic tube rises and falls 
rhythmically with the pump’s action (Fig. 50, 2). 

These systems illustrate certain mechanical features of the circula- ` 
tion, particularly in the arteries. It must be remembered, however, 
that the heart and blood vessels are a living, changing system and not 
a lifeless system of pump and tubes. It is quite impossible to reproduce 
mechanically all the characteristics of the circulation in the living ani- 
mal, and a complete statement of all the physical laws involved in the 
circulation is at present impossible. There is no doubt, however, that 
the circulation of the blood obeys physical laws. 


BLOOD VELOCITY 


This may be considered from the standpoint of (1) the cardiac 
output per minute, (2) the circulation time, (3) the volume flow 
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through different organs or regibns, and (4) the linear blood velocity. 

The cardiac output is discussed elsewhere (p. 111). The other three 
aspects of blood velocity will receive consideration in the discussions 
to follow. 

Circulation Time. This may be defined as the time required for 
an injected indicator to arrive in detectable concentration at a point 
of detection. If the indicator is injected into a vein on one side and is 
detected at the corresponding vein on the opposite side, one obtains 
a measure of the total circulation time. Fluorescein (p. 114) and radio- 
active materials are examples of substances that have been so used. 

If the detection ìs made at other places, values somewhat less than 
the total time are obtained. Various indicators have been used and 


Fic. 51.—Distribution of circulation 
times measured by injection of acetyl- 
choline into a foreleg vein of intact 4 
unanesthetized dogs and noting the 
time elapsing from the beginning of 
injection to the first evidence of slow- 
ing of the heart (fall of blood pres- 
sure). (From Wilburne, Schlichter, 2 
Grossman, and Cisneros, American 
Journal of Physiology, 1947, 150.) 


NUMBER OF TRIALS 


i 2 3 4 5 
CIRCULATION TIME (SEC) 


different parts of the vascular circuit have been tested. For example, 
acetylcholine may be injected into a forelimb vein and its arrival at 
the specialized tissue of the heart be detected by the slowing of the 
heart as revealed by a blood pressure record or an electrocardiogram.| 
Circulation times in unanesthetized dogs determined in this way (blood 
pressure record) are shown in Fig. 51. The values range from 4 to 9.5 
sec., with an average of 6.7 sec. About 50 per cent of the circulation 
time was required for the passage of acetylcholine through the pul- 
monary bed (Wilburne and co-workers). 

In man histamine injected into an arm vein will cause flushing of 
the face when it arrives at the capillaries in that region. Saccharin 
similarly injected will cause a sweet taste when it reaches the capil- 
laries of the taste buds, It is evident that these methods give values 
approximating the total circulation time. 
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Factors influencing circulation time are considered in an article 
by Pearce and co-workers. 

Volume Flow. This may be measured in several ways. Ludwig’s" 
stromuhr, or “current clock,” has been widely used. In its original 
form (Fig. 52), it consists of two glass bulbs (a and b) of equal ca- 
pacity connected at the top by means of a tube which has an opening 
to the outside. Each glass bulb terminates below in a metal tube fixed 
into a round opening in a metal disk (p) which can be rotated through 
180 degrees. Below this disk is a nonrotatable metal disk having open- 

ings immediately below the open- 

ings in the upper disk. Into the 
openings in the lower disk are fixed 
_ two tubes, c and c’. Through the 
. opening to the outside in the tube 
` connecting the bulbs, one bulb (a) 
is filled with oil and the other (b) 
with physiological salt solution or 
- heparinized blood. The blood vessel 
- under consideration is clamped at 
two places and cut across between 
the clamps. Then the end closer to 
the heart, or, if the vessel is a vein, 
closer to the capillary area, is con- 
nected to tube c of the stromuhr and 
the other end of the vessel to tube 

c’. The clamps are removed from 

the vessel and blood is permitted 

to flow into bulb a. Thus the oil is 

displaced into bulb b and the salt 

solution or blood from b into the 
Fic. 52.—Ludwig’s stromuhr. (From distal stump of the blood vessel. - 
Howell, Physiology; Copyright—W. When bulb a has been filled to the 
B. Saunders Company.) mark, and hence the oil has been 
expelled into bulb 6 and the salt solution into the blood stream, the 
bulbs are quickly reversed by rotation through 180 degrees and the 
procedure is repeated: blood is allowed to flow into b, displacing the ~ 
oil into a and the blood from a into the blood stream. The bulbs are 
again reversed and the procedure is repeated a known number of times 
during a given period. If the capacity of each bulb is 10 ml. and the ` 
number of fillings has been 4 in one minute, then 40 ml. of blood have 
passed through the stromuhr in one minute. This represents the voluine 
of flow per minute in the vessel under consideration. The method re- ` 


a 


FLOW OF BLOOD IN BLOOD VESSELS 165 


veals only the average flow in a given time. The variations are not 
indicated. 

A modern form of the stromuhr makes unnecessary the rotation of 
the bulbs. Cross tubes establishing communication between the afferent 
tube and the distal bulb and between the proximal bulb and the efferent 
tube permit reversal of flow through the bulbs. 

Another form is the bubble stromuhr, in which a bubble of air is 
injected from a syringe into the blood flowing through a coiled trans- 
parent tube placed in the course of a blood vessel. The time required 
for the bubble to pass between two marked points on the tube is 
noted. If the capacity of the tube between the marks is known, it is 
easy to calculate the volume flow per minute. 

A modern development that enables volume flow to be measured in 
unopened vessels under nearly normal conditions is the thermostromuhr. 
By means of a heating device placed in contact with the vessel, the 
blood, or more exactly the blood vessel, is slightly warmed, Thermo- 
junctions above and below the heating element allow the differences in 
temperatures of the two points to be measured as galvanometric deflec- 
tions. This temperature difference is approximately inversely propor- 
tional to the blood flow in the vessel. The instrument requires calibra- 
tion. In the original method the heating was done with a high-frequency 
current and electrodes, but a thermostromuhr with a direct-current 
heater (Fig. 53) has been devised (Baldes and Herrick). The thermo- 
stromuhr method of measuring blood flow is thought to give accurate 
results. With aseptic surgical technic the unit can be left in place on 
the blood vessel for a long time. A thermostromuhr record of blood 
flow in a branch of a coronary artery is shown in Fig. 33 (p. 122). 

Several forms of electromagnetic flowmeter have been devised 
(Kolin; Richardson and co-workers). This instrument operates on the 
principle that an electromagnetic force is set up in the blood as it 
flows in a magnetic field. The flowmeter is inserted into a blood vessel, 
and permanent records of pulsatile and mean flow can be obtained. 

Results Obtained with the Thermostromuhr. Following are some 
data on blood flow of dogs obtained by Mayo Foundation workers 
using the thermostromuhr: anterior mesenteric artery—before meal, 
194 ml. per minute; after meal, 312 ml. (Herrick and co-workers, 
1934); hepatic artery, 45 ml. to 163 ml. per minute; portal vein, 252 
ml. to 620 ml. (Grindlay and co-workers, 1941); splenic artery, 97 ml. 
per minute; splenic vein, 91 ml. (Grindlay and co-workers, 1939) ; 
femoral artery—normal, 77 ml. per minute; after sympathectomy on 
same side, 201 ml. (Herrick and co-workers, 1932). 

Linear Blood Velocity. This refers to the distance traversed by 
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Fic. 58-—Thermostromuhr (enlarged): a,a, thermojunctions (copper and 
constantan wires soldered together); b, wires for the heating current; c,c, 
heating unit (nichrome ribbon) using direct current. The first and fourth 
wires at the back of the bakelite block lead to a galvanometer. The tempera- 
ture difference between the two thermojunctions, recorded as galvanometric 
deflection, is approximately inversely proportional to the blood flow. (From 
Baldes and Herrick, Proceedings of the Society for Experimental Biology 
and Medicine, 1937, 37.) 


the column of blood in a certain vessel in a given time. That the 
velocity of blood flow varies in different vessels is proved by micro- 
scopic studies of the circulation. Such observations reveal that the 
velocity is rapid in arteries and veins and slow in capillaries. Further- 
more, the simple operation of transecting an artery or a vein and not- 
ing the character of the hemorrhage therefrom shows that the flow 
from these vessels is rapid and suggests that the flow in the intact 
artery or vein is also rapid. 

If the cross-sectional area of the vessel is known, the mean linear 
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' yelocity can be calculated from the volume flow. Conversely the 


volume flow can be calculated from the linear velocity if the cross- 
sectional area is known. Assuming a volume flow of 80 ml. per minute 
(as determined by a stromuhr or other flowmeter) in an artery 3 mm. 
in diameter, the calculation of mean blood velocity would be as 
follows: 


Volume —_ 80,000 cu. mm./min. 


Mean velocity = - 
Cross section 1.5? X 3.14 


11,331 mm. per minute = 189 mm. per second. 


There are several ways of measuring linear velocity directly. The 
hemodromograph, an instrument that works on the principle of the hy- 
drometric pendulum, is now chiefly of historical interest. It was devised 
by Chauveau and was extensively used in blood velocity measure- 
ments in large animals. Because of its inertia it did not follow accu- 
rately the rapid changes in velocity occurring in the arterial stream. 
More modern methods include the use of differential manometers and 
of a resistance wire introduced into the blood stream. 

Velocity in Arteries, Capillaries, and Veins. The blood velocity in 
arteries is not uniform, and the flow pattern is not the same in all 
arteries, During the first part of systole, velocity in the aorta rises 
sharply, but before ejection of blood is complete it begins to diminish 
and continues to do so until the beginning of diastole. At this time 
the flow actually reverses for a moment as indicated by the fall of 
the velocity curve below the zero line. The flow quickly becomes 
positive again and remains so throughout the rest of diastole. During 
this time arterial run-off into the capillaries is occurring under the 
influence of the elastic recoil of the distended arteries. The momentary 
reversal of flow is also seen in the femoral, axillary, and carotid 
arteries but not in the renal, hepatic, and anterior mesenteric, where 
the flow is always in the forward direction. The relationship of pres- 
sure, intravascular volume, and flow in the femoral artery of the dog 
is shown in Fig. 54. It will be seen that the pressure and flow patterns 
are quite different and that, although the pressure and volume curves 
resemble each other, the latter curve does not exactly follow the rapid 
pressure changes. 

As the periphery of the circulation—the region of the arterioles and 
capillaries—is approached, the velocity pulsation gradually becomes 
less and less until in the region of the smallest arteries and capillaries 
it disappears; the flow is now uniform. That the flow in arteries is 
pulsating also may be demonstrated by the simple procedure of tran- 
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Fie. 54—Pressure curve (P), intra- 
arterial volume curve (V), and flow 
pulse (F) of the femoral artery of a 
dog. 1, start of flow and pressure rise; 
2, maximal rates of forward flow and 
volume increase; 3, peak of pressure 
curve; 4, peak of intravascular volume 
curve; 5, maximal rates of volume 
decrease and back flow; M, mean 
flow; O, zero flow. The pressure and 
intra-arterial volume curves are the 
same as the arterial pulse, discussed 
on p. 189. (From Shipley, Gregg, and 
Schroeder, American Journal of Physi- 
ology, 1943, 138.) 


secting an artery and watching the character of the hemorrhage there- 
from. It is in spurts of the same rhythm as the heart beat. 

Using a resistance-wire method, Machella obtained in dogs aver- 
age velocities as follows: in the carotid artery—systolic velocity, 37 
cm. per sec.; mean, 12.4; diastolic, 9.7; in the femoral artery—systolic 
velocity, 33.3 cm. per sec.; mean, 7.8; diastolic, 5.0. The mean velocity 
in the aorta of the dog is about 50 cm. per sec. and in the vena cava 
about 33 cm. per sec. 

The methods of velocity measurement described above are not 
applicable to capillaries. The velocity in these vessels may be meas- 
ured microscopically in thin membranes. Such studies show that the 
capillary flow is, as a rule, nonpulsating. In the mesenteric capillaries 
of the dog a velocity of about 0.8 mm. per sec. has been observed; 
in the retinal capillaries of man it is estimated to be 0.9 mm. per sec. 
It is probable that blood velocity in capillaries is nearly the same 
in all mammals. Since the total length of the capillary area through 
which a given particle of blood may travel probably does not exceed 
0.8 mm., it is evident that the time spent in this area is usually not 
more than one second. During this time the necessary exchanges be- 
tween the blood and the tissues must take place. 

On the whole, the velocity in veins is uniform, as is revealed by 
actual determinations and by cutting a vein across and watching the 
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character of the hemorrhage. The rate of flow in the venous system 
increases as the heart is approached. It is slowest in the venules and 
fastest in the venae cavae at the heart, where, however, it is only 
about one-half as fast as in the aorta. 

The mean velocity relations in different parts of the circulation are 
shown schematically in Fig. 55. 

Differences in Mean Velocity Explained. As indicated above, the 
mean velocity in the arteries is great, gradually decreasing toward the 
periphery; it is slow in the capillaries; and it is rapid again in the 
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Fic. 55—-Diagram illustrating mean velocity relations in different 
parts of the circulation. A, arteries; C, capillaries; V, veins. 


veins, increasing from the capillary area toward the heart. The ex- 
planation of these differences is found in the fact that the mean 
velocity of blood flow at any level in the vascular system is inversely 
proportional to the total cross-sectional area of the bed at that level. 
When an artery divides into two branches, the cross-sectional area 
of the branches taken separately is smaller than that of the stem 
from which they arise, but their combined cross-sectional area is 
greater than the cross-sectional area of the parent vessel. Hence blood 
in arteries flows in a bed whose total cross-sectional area becomes 
gradually greater as the periphery is approached. At the capillary area 
the bed undergoes a marked enlargement, the combined cross-sectional 
area of all the systemic capillaries being some 600 times the cross- 
sectional area of the aorta. Therefore the velocity in capillaries should 
be about 1/600 that in the aorta, and actual determinations indicate 
that such is approximately the case. In the veins, on the contrary, the 
blood flows in a bed whose cross-sectional area becomes smaller as the 
heart is approached. However, the total cross-sectional area of the 
venae cavae at the heart is about 1.5 times that of the aorta at the 
corresponding point; the velocity is therefore about two-thirds as 
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great. As regards velocity, the flow of blood in the blood vessels is 
comparable to the flow of water in a narrow stream that slowly 
widens and then suddenly empties into a lake, from which the water 
is drained away by a stream that is at first wide but gradually becomes 
narrow. 


BLOOD PRESSURE 


That the blood is under pressure and that this varies in different 
parts of the circulatory system is indicated by the following facts: (1) 
If an artery is cut across, the blood flows from the central end under 
high pressure and in spurts; if a vein is cut across, the flow from 
the peripheral end is rapid but under low pressure and without 
pulsations; if only capillaries are opened, the hemorrhage from the 
wound is under low pressure. (2) It is an established fact that the 
blood flows from the heart through arteries, capillaries, and veins back 
to the heart. From this it may be concluded that the blood is under 
pressure and that there is a progressive fall in pressure from point to 
point throughout the circulation; otherwise the blood could not cir- 
culate. (8) Experiments on the circulation show that the blood is under 
high pressure in arteries, moderate pressure in capillaries, and low 
pressure in veins. The unqualified term blood pressure usually refers 
to arterial pressure. 

Experimental Methods of Determining Blood Pressure. The most 
direct method of determining blood pressure is to connect a vertical 
glass tube to the vessel under consideration and see to what height the 
blood rises in the tube. Essentially such a method was employed by 
Stephen Hales, English clergyman and pioneer investigator of blood 
pressure in animals. His experiments were made in 1733 on several 
species of animals. ’In a horse the pressure in the crural (femoral) 
artery was equal to 8 feet 3 inches of blood. In another horse the pres- 
sure in the carotid artery was equal to 9 feet 6 inches of blood, and in 
the jugular vein to about 1 foot of blood. The method of Hales has a 
number of disadvantages such as the inconvenient length of the tube 
and the rapid coagulation of blood in the tube. It has therefore been 
improved and amplified, so that today elaborate apparatus of a high 
degree of precision is available for determining and recording blood 
pressure. A simple method, shown schematically in Fig. 56, is to em- 
ploy a U-tube (manometer) containing mercury, which is about 13 
times as heavy as blood. The proximal limb of the manometer is con- 
nected through heavy-walled tubing to a cannula fixed in the blood 
vessel. Before establishing communication between the vascular system 
and the manometric system, one fills the latter with an anticoagulant 
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solution—for example, sodium citrate—under sufficient pressure to 
raise the mercury in the distal limb of the manometer approximately 
to the expected blood pressure. Thus when the clamp is removed 
from the artery, the blood will not have to displace mercury but will 
enter the pressure-transmission system no farther than the tip of the 
cannula. The blood pressure is transmitted through the solution to the 
mercury. 

If the cannula is inserted into the occluded artery, as is the usual 
practice, end pressure is obtained, If a L-shaped cannula is inserted 
into the transected artery, thus permitting unobstructed flow of blood 


A 


Fic. 56.—Diagram showing a method of taking a blood pressure tracing from an 
artery. K, kymograph; M, mercury manometer, carrying, on the left, a float, 
standard, crossarm, and writing point; T, heavy-walled rubber tubing connecting 
the proximal limb of the manometer with the arterial cannula C; P.B., pressure 
bottle containing anticoagulant solution—for example, sodium citrate; T’, tube 
with a clamp for removing air or clots from the pressure system. A number of 
details are omitted from this simple diagram. Many modifications of this arrange- 
ment are possible. 


through the cannula, lateral pressure only is obtained. End pressure 
equals lateral pressure plus the kinetic energy of flow converted to po- 
tential energy. End pressure may also be recorded by insertion of a 
needle upstream in the artery, that is, pointing against the current 
or toward the heart. If the needle is pointed downstream, kinetic 
energy of flow is substracted from lateral pressure. 

A graphic record of the pressure may be made by using a recording 
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manometer—one whose distal limb is provided with a delicate float, 
a standard, and a crossarm, which acts as a writing point—and a 
kymograph. The blood pressure equals twice the distance in milli- 
meters from the line of atmospheric pressure to the tracing. (The 
distance is doubled because the manometer is a U-tube, that is, has two 
limbs.) The line of atmospheric pressure can be located by holding 
an open side tube of the pressure-transmission system, or the open 
tip of the cannula, at the level of the aorta. Tracings made with the 
mercury manometer, from the carotid artery of a pig and a cow, are 
shown in Figs. 57 and 58. 

Examination of an arterial blood pressure record made with a 
mercury manometer usually reveals two kinds of waves: long ones, 
which if observed during the making of the tracing are seen to be in 
rhythm with the respiratory movements; and short ones, synchronous 
with the heart beats. Both kinds of waves are very evident in Fig. 57; 
the respiratory waves are less evident in Fig. 58. The cause of the 
respiratory waves is discussed in another place (p. 244). The short 
waves are caused by the systole and diastole of the heart, and an 
examination of a blood pressure tracing shows that the amplitude 
of these waves is entirely too small. They manifestly are not an accu- 
rate picture of systolic and diastolic pressure changes in the arteries. 
The explanation as to why the mercury manometer so imperfectly 
records rapid fluctuations in pressure is the inertia of the mercury; the 
latter cannot completely follow rapid changes. It is able, however, 
accurately to follow slow changes in pressure, such as accompany the 
respirations, changes of posture, and the like. It should be kept in mind 
when a blood pressure record made with the mercury manometer is 
studied that it is essentially a record of mean pressure and not of the 
extremes caused by the systole and diastole of the heart. This does not 
apply, however, to mercury-manometer blood pressure tracings when 
the rate of the heart is slow—for example, in the horse normally or in 
small animals during vagus stimulation. The mercury is then able 
to follow the pressure changes. In fact, under such conditions the 
excursions of the mercury may be too extensive. Their amplitude 
can be damped by placing a partially closed clamp on the tube leading 
from the artery to the manometer (Fig. 35, p. 182). 

The inability of the mercury manometer to register accurately 
sudden pressure variations has led to the development of manometers 
whose sensitivity and natural frequency are great enough to record the 
details of a pulsating pressure. An early attempt in this direction 
was the membrane manometer. It consists of a small tambour which 
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Fic. 57.—Blood pressure trac- -/ . Fic. 58—Blood pressure tracing 
ing from the carotid artery of ` from the carotid artery of a cow. 
a 19-kg. pig. Mercury manom- > -> Mercury manometer. Local anes- 
eter. Local anesthesia. The _ thesia. The respiratory waves of 
figures indicate the blood blood pressure are less evident 
pressure in millimeters of © than in Fig. 57. It may be noted 
mercury. The short waves of that the blood pressure of the cow 
the tracing are caused by the ` was lower than that of the pig. For 


heart beats. Their amplitude a graphic record of the blood pres- 
is much too small owing to sure of a horse, see Fig. 35. 

the inertia of the mercury. i 

The long waves are caused by 

the respirations. 


actuates a light lever. The capsule of the tambour is in communication 
with an inelastic tube leading to the artery. The capsule and tube are 
filled with liquid through which the blood pressure is transmitted 
to the membrane and thence to the recording lever. To get absolute 
values from the instrument, it is necessary to calibrate the movements 
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of the lever. A blood pressure tracing made with a membrane ma- 
nometer is shown in Fig. 59. Optical manometers (Wiggers, Green) 
are much better. In them friction and inertia of levers are entirely 
eliminated. Great sensitivity and a high natural frequency can be 
attained. The optical manometer is essentially a capsule whose mem- 
brane (rubber, metal, glass) actuates a small mirror attached to it. 
A band of light, produced by a suitable light source, is transmitted 


Fic. 59.—Blood pressure trac- 

ing from the carotid artery of 

a 43-kg. pig. Membrane ma- 
nometer, calibrated in milli- ; 
meters of mercury. Local anes- y 
thesia. The short waves 

are caused by the beat of 

the heart. Their amplitude 

is much greater than cor- 
responding waves obtained 
with a mercury manom- 

eter. The long waves are 
caused by the respirations. 


to the mirror which reflects the light onto a light-sensitive (photo- 
graphic) surface moved by a photokymograph. The band of light is 
focused by means of lenses or by use of a concave mirror. A blood pres- 
sure tracing made with an optical manometer is shown in Fig. 60. 
Several types of electrical manometers have been devised in 
recent years. These are transducers of various kinds which convert 
pressure changes into electrical variations. Most of the manometers 
are connected to the vascular system by means of tubing, but an elec- 
trical manometer small enough to be inserted into the heart chambers 
or blood vessels has been made (Ellis, Gauer, and Wood). The elec- 
trical changes produced by these manometers are usually electronically 
amplified, and the output is led to a galvanometer for optical recording 
or to a direct-writing recorder. In some instances the electrical changes 
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from the pickup units are recorded directly by suitable galvanometers 
without the use of vacuum-tube amplification. 

Noble has decribed transducers, amplifiers, and recorders used in 
electrical methods of blood pressure registration. 

Sellers and Hemingway have recorded arterial and venous pressures 
in dairy cattle by the use of an electromanometer and have described 
the technic used. Typical records are reproduced. 

Systolic, Diastolic, and Mean Arterial Pressures. The highest 
pressure attained in the arteries, which is synchronous with and due 
to the systole of the heart, is termed the systolic pressure; the lowest 
pressure, which occurs during diastole, is termed the diastolic pres- 
sure; the difference is known as the pulse pressure. In an artery that 
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Fic. 60—Blood pressure in the carotid artery of a trained unanesthetized dog. 
Hypodermic optical manometer. The systolic and diastolic pressure variations are 
shown on the curves. Sinus arrhythmia is evident in the record. (From Wiggers, 
C. J., American Heart Journal, 1938, 16.) 


shows a systolic pressure of 140 mm. Hg, for example, the femoral of 
the dog, there is a diastolic pressure of about 80 and a pulse pressure 
of 60. The mean pressure designates the average pressure in a blood 
vessel over a given period of time. In arteries if the form of the pulse 
were a triangle, the mean pressure would be the sum of the systolic 
and diastolic pressures divided by two. Since, however, the form of the 
pulse is not a triangle, the true mean pressure cannot be obtained 
in this way. The arithmetical mean is nevertheless close to the true 
mean. The mercury manometer tends to trace a mean pressure (unless 
the heart rate is slow). 

As the periphery of the circulation is approached, the difference 
between the systolic and diastolic pressures becomes less and less until 
in the region of the arterioles it disappears and the pressure becomes 
uniform. The pulse therefore disappears in the same region. Because 
of the disappearance of the pressure pulse, the velocity pulsation 
disappears in the same region. Also in capillaries and veins there is, 
usually, a nonpulsating pressure and velocity. 

Data on Arterial Pressure. The data in Table 13 show mean 
arterial pressures in animals. The measurements were made with the 
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TABLE 13. MEAN ARTERIAL BLOOD PRESSURE (CAROTID ARTERY) 


(The figures in parentheses indicate interindividual ranges of mean pressure) 


Animal | Mean Pressure | Anesthesia Remarks Observer 
mm. Hg 
Horse 169 (152-194) | Local Average of 6 animals | Dukes & 
13-18 years old; good | Sampson* 
condition 
Cow 125 Local Dukes & 
Emmerson* 
Cow 166 Chloral Dukes & 
hydrate Schwarte* 
Calf 160-180 Nembutal | Several animals Glenn, 
Muus, & 
Drinker 
Sheep 110 Local Average of 6 animals Dresbach 
Sheep 114 (90-140) Local Average of 13 animals | Dukes & 
ranging in weight from | Sampson* 
27-133 pounds 
Goat 120 Urethane Average of 4 animals Dunn 
Pig 169 (144-185) | Local Average of 14 animals | Dukes & 
Schwarte 
Dog 150 Local Dukes & 
Sampson* 
Dog 160 Local Dukes & 
Sampson* 
Dog 194 Local Dukes & 
Sampson 
Dog 155 (120-176) | Nembutal | Average of 7 animals Dukes & 
Sampson* 
Cat 140-170 None Indirect measurements | Liddell and 
of pressure in an exte- | Carleton 
riorized carotid artery 
Cock 135 Average of 13 birds. | Kaupp 


* Unpublished. 


Femoral artery 
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mercury manometer. The values in Table 14, taken from a more exten- 
sive table of Woodbury and Hamilton, show heart rates and blood 
pressures in small mammals and birds. The records were made with an 
optical manometer. The average systolic pressure of unanesthetized 
chickens (6 to 16 weeks old) has been found to be 135 mm. Hg and the 
average diastolic 120 mm. Hg. The measurements were made from a 
cannulated ischiatic artery with an optical manometer (Rodbard and 
Tolpin). Examination of the various figures reveals that the height 
of the blood pressure is a characteristic of the species rather than 
of the size of the animal. The blood pressure of the pig is as high as, 
and the blood pressure of the canary is higher than, that of the horse. 

The distribution of mean arterial pressure in dogs in shown in Fig. 
61. 


TABLE 14. Heart RATE AND BLOOD PRESSURE OF SMALL ANIMALS 


Blood Pressure 
Average 
Animal Heart Average Average Artery 
Rate Systolic Diastolic 
mm. Hg mm. Hg 
Mouse (2)........... 630 147 106 Carotid 
Rat (2)..........4-. 420 187 138 Carotid 
Pigeon (4).........-- 221 135 105 Brachial 
Starling (2).......... 388 180 130 Carotid 
Canary (4).......... 690 220 154 Carotid 
Sparrow (1)......... 550 180 140 


Capillary Pressure. Indirect determinations of capillary pressure, 
as by measuring the pressure necessary to blanch a portion of the 
skin or mucous membrane, did not yield satisfactory results. Much 
better results are obtained by direct measurement, in which a micro- 
pipette is introduced into the capillary and the pressure balanced 
against a column of saline solution. Using this method, Landis obtained 
the following average results in man: arteriolar capillary pressure, 45 
cm. of water; venous capillary pressure, 22 cm. of water. These are 
pressures of approximately 34 mm. Hg and 17 mm. Hg. Lower pres- 
sures were found in the frog and pressures of intermediate value in 
small mammals (rat, guinea pig). 

Venous Pressure. Because this pressure is so low, it is seldom 
measured with the mercury manometer. The usual direct method is 
to insert a needle into a vein and allow saline to run in from a vertical 
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Fie, 61—Frequency distribution of mean 
pressure in the femoral artery of 100 dogs. 
A needle was inserted into the artery, and 
measurements were made with a mercury 
manometer. No anesthetic was used. The 
solid lines show the initial pressure readings. 
Broken lines show third pressure readings 
made 10 days later. The distribution curves 
are similar. “There is a wide distribution 
with a few more animals with low and high 
pressures than would be expected.” The ini- 
tial readings ranged from 91 to 198 mm. 
Hg, with a mean of 137.5 mm. Hg. (From 
Schroeder and Goldman, Circulation, 1952, 
5, 730.) 


tube graduated in centimeters. When the flow ceases, the height of the 
top of the column of saline above the heart is the venous pressure in 
centimeters of water. For purposes of comparison with pressures in 
other parts of the circulation, venous pressures measured in this way 
may be converted to millimeters of mercury. 

Table 15, based on the compilations of Tigerstedt and the experi- 
ments of Dunn (on the goat) and Riddle and Matthews (on the duck), 
illustrates venous pressure in different parts of the body and in differ- 
ent animals. The figures show that venous pressure is low, and that it 
is lower the nearer the heart is approached. In the great veins near 


TABLE 15. VENOUS PRESSURE 


Animal Vein Pressure 
mm. Hg 
Sheep.............| Left jugular —0.1 
Right jugular 0.2 
External facial 3.0 
Internal facial 5.2 
Brachial ` 4.1 
Branch of brachial ' 9.0 
Crural (femoral) = 11.4 
Dog........-.00-- Anterior vena cava, near atrium -3.0 
Anterior vena cava, distal portion —1.4 - 
Right external jugular -0.1 
Left external jugular 0.5 
Right brachial © 3.9° 
Left facial 5.1 
Left femoral 5.4 
Left saphenous . 74 
Goat............. Jugular (mean of 16 animals) 3.9 
Duck............. Brachial (mean of 4 birds) 4.4 
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{he heart, in fact, it is negative, or below the pressure of the atmos- 
phere, because of the negative pressure to which the mediastinal organs 
are subjected. Blood, therefore, is aspirated toward the thorax. The 
fall in venous pressure from the periphery of the circulation to the 
heart is said to be at the rate of 1 mm. Hg for every 35 mm. of dis- 
tance., Experiments of Eyster and Meek (1930) show that venous 
and arterial pressures are relatively independent of each other, even . 
when the arterial pressure changes are large. 

Summary. Blood pressure, highest in the aorta, slowly diminishes 
in the arteries until the arterioles are reached, where the fall is sudden 
and marked. In the arteries there are large pulsations, which gradually 
disappear peripherally. The pressure in the capillaries, fairly low and 
usually nonpulsating, decreases toward the venous end. The venous 
pressure, low and nonpulsating, is lowest in the venae cavae at the 
heart and highest in the veins nearest the capillaries. Pressure relations 
in the circulation are shown graphically in Fig. 62. 

Clinical or Indirect Methods of Determining Blood Pressure. For 
such determinations in man adequate apparatus and technic have been 
developed, and the importance of blood pressure studies as an aid to 
diagnosis is universally recognized. In veterinary medicine much less 
progress has been made in this direction. In large animals the relative 
inaccessibility of arteries of proper size has been an important lim- 
iting factor, and this difficulty has not yet been entirely overcome. A 
number of workers have made more or less successful attempts to de- 
termine the blood pressure in the intact superficial arteries (caudal ar- 
teries) of the horse and cow, but the technic has not yet received 
enough attention to cause its wide use clinically. A little more progress 
has been made in the dog and other small animals. 


Fie. 62.—Diagram illustrating mean pressure re- 
lations in different parts of the blood-vascular 
system. (The fall in the arterioles should be 
somewhat greater than shown.) Note the nega- 
tivity of the venous pressure near the heart. The 
diagram does not accurately show the relative 
lengths of the different parts of the vascular sys- 
tem (arteries, arterioles, capillaries, and veins). 


ARTERIES ARTERIOLES CAPILLARIES VEINS 
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In blood pressure determinations the apparatus used is the sphyg- 
momanometer. This consists essentially of an inflatable bag in a cuff, 
a manometer (mercury or aneroid), and an inflating bulb, equipped 
with an exhaust valve. In man the cuff is strapped around the arm on 
a level with the heart, thus excluding the hydrostatic effect (p. 186). 
By rhythmic compression of the bulb the cuff is inflated above the 
pressure necessary to obliterate the pulse as determined by listening to 
the arterial sounds by means of a stethoscope placed over the brachial 
artery at the cubital fossa (auscultatory method) or by palpation of 
the radial pulse (palpatory method). Then the cuff is slowly decom- 
pressed, and when the pulse reappears below the cuff, as determined 
by auscultation or palpation, the pressure is read. This reading repre- 
sents systolic pressure. Deflation of the cuff is continued until the 
sounds given by the artery below the cuff show a characteristic 
muffling or disappear. At one or the other point the manometer is read, 
and the reading represents the diastolic pressure. 

An uncompressed artery produces no sound. At certain stages of 
compression, sounds are heard which may be described as taps and 
murmurs. The taps are thought to be caused by an outward movement 
of the arterial wall with sufficient force to produce sound. The mur- 
murs are believed to be due to turbulent flow in the vessel below the 
region of compression. The auscultatory method, dependent upon 
these sounds, was introduced by Korotkov, in 1905, and the sounds 
bear his name. The systolic pressure can be determined more accu- 
rately by the auscultatory method. The diastolic pressure cannot be 
determined by the palpatory method. 

In efforts to measure blood pressure indirectly in animals, some 
workers have used technics similar to those used in man, whereas 
others have made considerable modifications in the procedures. The 

.auscultatory technic described for the dog by Rule is simple and should 

have ready clinical application. Systolic pressures of approximately 
138 mm. Hg and diastolic pressures of approximately 79 mm. Hg were 
found. Wakerlin has described a relatively simple method involving 
the needling of a femoral artery. The method yields mean pressures, 
most of the values varying between 110 mm. Hg and 140 mm. Hg. 
Using the auscultatory method in dogs, Wakerlin found in the brachial 
artery an average systolic pressure of 140 mm. Hg and an average 
diastolic pressure of 90 mm. Hg, A recent comparative study of 
different methods of blood pressure measurement in dogs has been 
made by Romagnoli. A capacitance manometer and oscillatory and 
auscultatory technics were used. Other work on the dog has been done 
by Ferris and Hynes; Kolls; Allen; Deterling and Essex; Fuller; 
Wilhelmj and co-workers. 
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By means of a technic similar to that used in man Covington and 
McNutt found that the normal systolic pressure in the middle coccygeal 
artery of the horse (224 animals) varied from 86 to 104 mm. Hg in 
different animals; it was somewhat higher in males. The diastolic pres- 
sure was 30 to 45 mm. Hg lower than the systolic. Fontaine found that 
the maximal pressure in the same location in the horse (120 animals) 
averaged 85 mm. Hg; minimal, 48 mm. Hg. None of these figures are 
corrected for the effect of gravity. Schilling has also reported results for 
the horse. 

In lying cattle Götze found average pressures in the coccygeal artery 
as follows: maximum pressure, 202; minimum pressure, 136; pulse 
pressure, 66 cm. of water. When these figures are translated into milli- 
meters of mercury, the following pressures are obtained: maximum, 
149; minimum, 101; pulse, 49. 

An indirect method of measuring blood pressure in the fowl has 
been reported (Weiss and Sturkie) and the effect of age on blood pres- 
sure in the chicken has been studied (Sturkie, Weiss, and Ringer). 
The blood pressure is higher in the male than in the female, and it 
increases with age in both sexes. Blood pressure of the fowl is fully 
discussed and documented in the book by Sturkie. 


PRODUCTION OF BLOOD PRESSURE 


Under normal conditions at least four factors co-operate in the pro- 
duction and maintenance of blood pressure: (1) the beat of the heart, 
(2) the peripheral resistance, (3) the elasticity of the arteries, and (4) 
the volume of blood. 

Beat of the Heart. The energy used to circulate the blood comes 
mainly from the beat of the heart. During systole of the heart the 
arterial pressure rises because the rate at which blood enters the ar- 
terial system exceeds the rate at which it drains through the arterioles 
into the capillaries. During diastole the pressure falls because of the 
passage of blood through the arterioles into the capillaries. If other 
conditions are unchanged, an increase in the rate or the stroke volume 
of the heart causes a rise of arterial pressure, whereas a decrease in the 
rate or amplitude causes a fall. If rate and amplitude vary in the oppo- 
site direction, their effects may cancel each other so that the blood pres- 
sure does not change. 

According to the “peripheral heart” theory, active contraction of 
the large arteries aids in propelling the blood along the vessels. This 
theory was for a time supported by some workers. Wiggers (1923), 
who carefully reviewed the question, concluded that there is not only 
no evidence in favor of an “active systole” of the arteries but that 
its existence is incompatible with the slowness of smooth muscle con- 
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traction. On the other hand, Hooker said that it is quite probable, 


though by no means proved, that the capillaries and venules may 
supply some active force to the movement of blood, and Franklin ex- 
pressed the view that the mesenteric veins in the sheep aid, by active 
contraction, in the flow of blood through the liver. 

Peripheral Resistance. As the blood flows through the blood 
vessels it encounters resistance to its movement. The resistance is 
largely an internal friction caused by the viscosity of the blood and is 
most noticeable at the periphery of the circulation, that is, in the region 
of the arterioles and capillaries. It is therefore a peripheral resistance. 
The exact seat of the peripheral resistance has been a subject of discus- 
sion. The older physiologists assumed that it was located in the arte- 
rioles, where the numerous vessels were constricted enough to offer 
distinct resistance to the rapidly moving blood. In the capillaries, how- 
ever, the bed was so wide and the velocity of the blood flow therefore so 
small that the resistance was slight in spite of the small size of the indi- 
vidual vessels and hence the great frictional surface. Later work on the 
capillary circulation (Krogh, Richards, Wearn and co-workers) indi- 
cates that all the capillaries, especially in a resting organ, are not open 
at once. Some are widely dilated, some are completely closed, and some 
are partially open. The considerable blood velocity caused by this nar- 
rowing of the capillary bed, together with the small caliber of the indi- 
vidual capillaries, must result in resistance to the flow of blood. The 
conclusion seems justified, then, that some of the peripheral resistance 
lies in the capillaries. On the other hand, when most of the capillaries 
are open, the peripheral resistance is not only decreased, but there is 
also a great increase in the capacity of the vascular bed, which tends 
further to reduce the blood pressure. 

A general increase in peripheral resistance, other factors remaining 
the same, causes an increase in arterial pressure, and a general decrease 
in peripheral resistance causes a fall in arterial pressure. The regulation 
of the peripheral resistance will be studied in the next chapter. 

The total peripheral resistance can be calculated if the cardiac 
output and the mean arterial pressure are known. 


, . Pressure 
Total peripheral resistance = —————__—.. 
Cardiac output 


Elasticity of the Arteries. That the walls of large arteries con- 
tain a great deal of elastic tissue is well known. Because of the elastic 
recoil of the arterial wall, distended by blood during systole of the 
heart, a relatively uniform flow of blood is maintained in the capillaries 
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during diastole. At the capillary area the nutrition of the tissues takes 
place; therein lies the chief importance of a uniform flow. Furthermore, 
the elastic arteries damp the blood pressure and thus protect the deli- 
cate capillary wall against sudden and great fluctuations of pressure, 
such as would occur if the arteries were rigid. When arterial elasticity 
is diminished, the changes in arterial pressure becomes sharper, and it 
is possible that such changes may in part reach the capillaries. The 
relation of elasticity to flow is discussed also on p. 161. 

Volume of Blood. Ín general, the effect of an increased amount 
of blood in the circulation is to cause a rise in arterial pressure, 
whereas a decreased amount causes a fall. The degree of fall during 
hemorrhage depends on the rate of bleeding. If a large artery is opened, 
there is an immediate though not marked fall, due chiefly to the sudden 
removal of a considerable amount of peripheral resistance when the cut 
is made. When, however, a small artery is opened, there is at first no 
effect on blood pressure; it is only after a good deal of blood has been 
lost that a fall occurs. There are two principal reasons why there is no 
fall in blood pressure following moderate hemorrhage from small ves- 
sels: the vasomotor nerves cause constriction of the blood vessels and 
the spleen contracts (p. 46), forcing some of its store of blood into the 
general circulation. The effect of hemorrhage is further discussed on 

. 62. 
P EXPERIMENTAL HYPERTENSION 


It was shown originally by Goldblatt and co-workers (1934), and 
has been confirmed by many other investigators, that partial constric- 
tion of the main renal arteries by means of suitable clamps produces 
persistent hypertension. The origmal work was done on dogs, and most 
of the subsequent experiments have been made on this animal. How- 
ever, researches reveal that other species, including sheep and goats 
. (Goldblatt and co-workers, 1943), respond similarly to the dog when 
the renal artery is partially constricted. 

The elevation of blood pressure following application of the clamp 
to the renal artery usually begins in 24 or 48 hours. The effect of the 
clamp is to lessen the flow of blood to the kidney, thereby causing some 
disturbance in the dynamics of the renal circulation. The exact nature 
of the resulting change in the renal circulation has not been determined. 

In most dogs unilateral constriction of the main renal artery results 
in temporary hypertension which returns to normal in six weeks or 
less. In such hypertensive animals, if the clamp is taken off the artery, 
allowing the circulation to the kidney to return to normal, or if the 
kidney with the constricted artery is removed, the blood pressure falls 
to the preoperative control level in 24 hours or less. In goats and sheep, 
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and occasionally: in the dog, constriction of one main renal artery re- 
sults in hypertension which lasts for many months. In these animals 
surgical removal of the kidney with the constricted artery causes the 
blood pressure to drop to normal in 24 hours or less (Fig. 63). In dogs, 
sheep, goats, and other animals, constriction of both renal arteries re~ 
sults in hypertension of an enduring nature. 

The mechanism of experimental renal hypertension has been exten- 
sively studied. That vasomotor reflexes (Chapter VII) are not involved 
is indicated by the observations that neither sympathectomy, partial or 
complete, nor complete destruction of the spinal cord will prevent or 
abolish the hypertension caused by constriction of a renal artery. (Evi- 
dence suggests that in the later stages of renal hypertension a nervous 
factor may be involved.) Experiments have failed to reveal any causal 
relationship between the endocrine system and the hypertension. 

There is a large body of evidence (see the review by Goldblatt and 
the book, Experimental Hypertension, 1946) that a chemical substance 
(humoral agent) produced by the kidney acts upon a substrate in the 
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Fic. 63.—The development of experimental hypertension in a goat, female, age 
about 1 year. Blood pressures are mean values obtained by arterial puncture. At 
LK the left main rena] artery was moderately constricted. Note that the blood 
pressure remained elevated for 6 months. At LN the left kidney was removed, 
whereupon the blood pressure fell to normal within 24 hours and remained there. 
At RK the right main renal artery was greatly constricted. The blood pressure 
tose again, but the animal developed uremia and died at D. Terminal blood 
findings: urea nitrogen, 134 mg. per 100 ml.; creatinine, 5.8 mg. per 100 ml.; CO, 
combining power, 40.5 volumes per 100 ml. (From Goldblatt, Kahn, and Lewis, 
Journal of Experimental Medicine, 1948, 77.) 
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blood to produce a vasoconstrictor principle. The main facts may be 
summarized as follows: 

Renin (an enzyme produced in the kidney) enters the general cir- 
culation via the renal vein and acts upon a substance known as renin- 
substrate or hypertensinogen (a component of the a.-globulin fraction 
of the blood) to form angiotonin or hypertensin (a peptide), which is 
the vasoconstrictor substance. Angiotonin can be inactivated by angio- 
tonase or hypertensinase, an enzyme present in blood and in extracts 
of organs. 

The question naturally arises whether the humoral mechanism just 
described is concerned in the regulation of normal blood pressure. No 
definite answer can be given at present. There is recent evidence sug- 
gesting that the mechanism functions under normal conditions. 

There is evidence that other pressor substances may be produced 
by the kidney. 

Renal hypertension, described above, is humoral in origin. A neuro- 
genic hypertension of a persistent nature can be produced by bilateral 
denervation of the carotid sinus and transection of the aortic depressor 
nerves (Bing, Thomas, and Waples). For a discussion of the signifi- 
cance of the sinus nerves and the aortic depressor nerves in the regu- 
lation of the normal circulation, see pp. 187 and 208. 

Essential Hypertension. This is a complex disorder in man, one of 
the most important manifestations of which is elevation of blood pres- 
sure due to an increase of peripheral resistance, which in turn results 
from increased vasoconstriction. It is not known to what extent this 
condition is of renal origin, although there is much evidence that ex- 
perimental renal hypertension reproduces in many respects human 
essential hypertension (Goldblatt). However, there is considerable evi- 
dence that a neurogenic factor may also be involved. 

How frequently do essential hypertension and other forms of high 
blood pressure occur clinically in animals? It is generally assumed that 
hypertension is much less common in animals than in man, but there is 
actually no strong basis for this view, since few clinical studies of blood 
pressure in animals have been made. In fact, our knowledge as to what 
constitutes a normal range of blood pressure in most animals is quite 
limited. 

AIDS TO THE FLOW OF VENOUS BLOOD 

The force of the heart beat is the chief factor causing the blood to 
circulate. However, the venous return, especially during muscular work, 
is aided by several factors as follows: (1) Contracting muscles com- 
press the veins, which are thin-walled, thus assisting in emptying them 
toward the heart. Back flow is prevented by the presence of numerous 
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valves. (2) At every inspiration the negative pressure on the organs in 
the mediastinum is further reduced. The lowered pressure is transmitted 
through the thin walls of the veins of the thorax to the blood within 
them. In this way blood is actually sucked toward the heart at every 
inspiration. The positive venous pressure added to the negative pres- 
sure exerted by the thorax gives what has been termed the effective 
venous pressure, Illustrative figures may be cited. A positive pressure 
in the great veins near the heart of 6 mm. H,O and a negative pressure 
in the thorax of 60 mm. H,O would give an effective venous pressure 
of 66 mm. H,O. The backward movement of the diaphragm during 
forced inspiration raises the abdominal pressure by compressing the 
viscera. This further assists in emptying the veins toward the heart. 
(3) Modern work seems to indicate that venules and certain veins 
may, by active contraction, aid in the flow of blood through them. 


EFFECT OF GRAVITY ON THE CIRCULATION 


In addition to the force of the heart beat (hydrodynamic effect), 
the effect of gravity on the pressure conditions in different parts of the 
circulation must be considered. This is often referred to as the hydro- 
static effect. Above the level of the heart, the hydrostatic force opposes 
the hydrodynamic force in arteries but is added to it in veins. Below the 
level of the heart the opposite conditions prevail: on the arterial side 
the hydrostatic force is added to the hydrodynamic force, but on the 
venous side it opposes the latter. 

Gravity ordinarily presents no serious problem to the circulation in 
quadrupeds in the natural position except those with long legs and with 
long necks used in grazing or browsing. In man in the upright position 
the effects of gravity are very considerable. Arterial pressures above 
the level of the heart show no effect of gravity, the pressure in the 
brachial or carotid artery being in the standing position as high as, or 
in some instances higher than, the pressure in the same location in the 
lying position. The compensation is effected by reflex constriction of the 
arterioles, especially in the splanchnic area. In the lower limbs of man, 
however, no mechanism exists for counteracting the hydrostatic effect 
on the arterial side. For example, the blood pressure in the brachial 
and posterior tibial arteries in the horizontal position is the same, 
whereas in the standing position the pressure in the posterior tibial ar- 
tery is much higher. This lack of compensation for the effect of gravity 
is ordinarily not serious. 

It is on the venous side of the circulation that the effect of gravity 
is more manifest. Several factors account for this. The pressure in the 
veins is low, the veins are thinner-walled and more baggy than the ar- 
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teries, and the vertical distance (in man) through which the venous 
blood has to be lifted in order to return it to the heart is much greater 
than that through which arterial blood has to be moved above heart 
level. 

Compensations in man for the hydrostatic effect on the venous flow 
are usually well developed. The factors are in general the same as those 
already outlined as aiding the venous return. Of particular importance 
in counteracting the effect of gravity on the venous flow is adequate 
contraction, or tonus, of the skeletal muscles. In some individuals this 
is lacking, and fainting soon occurs when prolonged, quiet standing is 
attempted. Under these conditions there is a marked decrease in the 
cardiac output because of diminished venous return (Mayerson, 1943). 
This results in a fall of arterial pressure and cerebral ischemia. 

In quadrupeds with long legs the effect of gravity on the venous re- 
turn from the legs must be considerable, but adequate compensation or- 
dinarily exists. For example, in the hind limb of the horse several of the 
veins are so located as to be readily compressed during muscular con- 
traction, and they have numerous valves. During grazing in large her- 
bivorous animals, the hydrostatic effect on the venous flow from the 
head is counteracted by contractions of the muscles of mastication. 
The great muscles of the shoulders, back, and rump of the large quad- 
rupeds are in general above the level of the heart. Gravity therefore 
aids the venous return. 

Orthostatic Circulatory Failure. This condition, also known as 
gravity shock, occurs in some animals when kept for a prolonged period 
in the vertical position with the head up. Unanesthetized rabbits so 
suspended become unconscious in 20 to 120 minutes, and many of them 
die 2 to 24 hours after return to the normal position. In such sus- 
pended rabbits there occurs a peripheral circulatory deficiency or 
failure, which is accompanied by inadequate oxidative processes in 
the tissues; this apparently results in insufficient energy production to 
sustain the animal (Cole and co-workers, Nastuk). 

In orthostatic circulatory failure in the rabbit, the pial vessels, as 
seen through a cerebral window, show no change in caliber, but they 
are darker in color, even the arterial blood becoming venous. Dipping 
the unconscious rabbit into a bath (at body temperature) up to the 
level of the heart causes consciousness and the normal color of the 
surface of the brain and the pial vessels to return. Cardiac output is 
decreased while the animal is in gravity shock. It returns to normal 
when the animal is dipped into the bath (Stigler). 

Anesthetized dogs are usually able to withstand for relatively long 
periods the upright position without serious circulatory deficiency; 
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however, when the carotid sinuses are denervated and the vagi cut, 
compensation disappears, the blood pressure drops to shock levels, and 
the chances of recovery are slight. The latter animals are very sus- 
ceptible to slight hemorrhage, the removal of small amounts of blood 
often bringing on an irreversible circulatory failure (Mayerson, 1942, 
1944). 


PULMONARY CIRCULATION 


Previous statements regarding the flow of blood have had particular 
reference to the systemic circulation. It now remains to study similar 
conditions in the pulmonary circulation. This circulation extends from 
the right ventricle to the lungs and back to the left atrium. The general 
plan of the pulmonary circulation being similar to that of the systemic, 
it would be expected that the same principles governing flow in the 
latter circuit would apply in the former, and in a general way the prin- 
ciples are the same. There are some well-defined differences in the two 
circulations, however, and these are reflected in differences in flow. 

In the pulmonary circulation the blood flows in a bed which widens 
more rapidly and offers less resistance than in the systemic circulation. 
Therefore in the pulmonary circulation a relatively lower pressure 
prevails on the arterial side and a relatively higher pressure on the 
venous side. 

The compilations of Tigerstedt show that the mean pressure in 
the pulmonary artery of the rabbit averages 14; of the cat, 16; and 
of the dog, 23 mm. Hg. From the right ventricle of unanesthetized 
goats Dunn obtained results that indicate a mean pressure in the 
pulmonary artery of 18 mm. Hg. Colin (Tigerstedt, vol. 4) found a 
pressure of 33 to 58 mm. Hg in the pulmonary artery of the horse. 
Wiggers concluded that the systolic pressure in the pulmonary artery of 
the dog is about 40 mm. Hg, and the diastolic about 10 mm. Pulmo- 
nary arterial pressure falls on inspiration, rises on expiration. Johnson 
and co-workers found that the velocity of the pulse wave in the pul- 
monary artery under normal conditions is about the same as in the 
aorta. These investigators noted that sudden changes of great magni- 
tude in the systemic arterial pressure have only slight immediate 
effect on the pulmonary arterial pressure. This is explained in part by 
the fact that the pulmonary vessels can increase their blood content 
considerably with little change in blood pressure. That the blood ves- 
sels of the lungs can store a considerable quantity of blood is evident 
from several lines of work. 

The lowness of the pulmonary arterial pressure indicates that pul- 
monary capillary pressure is below the osmotic pressure of the blood 
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proteins. This probably explains why the alveoli do not contain fluid 
under normal conditions. 
Deep-chested animals kept on the back for some hours may die. 
. The cause of death in goats and sheep kept on the back has been 
. studied by Greenberg and co-workers. Death was caused by severe 
: pulmonary changes, which were revealed at autopsy. Pulmonary con- 
gestion, alveolar hemorrhage, and interstitial edema were noted. Gas 
in the rumen was not related to the development of the conditions that 
Jed to death. A possible explanation is that the weight of the heart 
pressing on the pulmonary veins might interfere mechanically with 
. the return of blood from the lungs to the heart. Thus the pulmonary 
: circulatory changes could occur. 
Microscopic studies of the blood flow in pulmonary vessels are dis- 
; cussed on p. 159, the vasoconstrictor nerves of the lungs on p. 203. 


F 


ARTERIAL PULSE 


From what has been said about the flow of a liquid in elastic tubes, 
a general idea of the cause and significance of the arterial pulse will 
already have been acquired. The pulse is a wave of expansion and 

. elongation of the arterial walls produced by variations in arterial pres- 
sure during each beat of the heart. The pulse begins at the aorta, passes 
over the entire arterial system, and disappears, under usual conditions, 
at the periphery. The production of the pulse may be described as 
follows: When the ventricle contracts, blood is forced into an already 
full aorta. Since blood is incompressible, room must be made for the 
newly discharged quantity. This could be accomplished by moving 
the entire mass of blood forward and discharging into the right atrium 
an amount equal to that expelled from the left ventricle, or by a 
stretching of the arterial wall sufficient to accommodate the new 
amount of blood, or by a combination of these methods. Actually 
both adjustments take place, but the distention of the arterial wall is 
the more prominent. This distention, and recoil, beginning at the aorta, 
is transmitted from point to point in the wall of the arteries (Fig. 64). 
It constitutes the pulse or pulse wave. The pulse is therefore the 
transmission of a pressure change in the arterial wall and the blood 
as it flows through a system of elastic vessels. The wave of pressure 
change, or pressure pulse, is accompanied by a flow pulse (Fig. 54, 
p. 168). 

Velocity. The velocity of the pulse wave should not be confused 
with the velocity of the blood current. The former velocity is much 
greater. In the arm arteries of man it is of the order of 7000 mm. per 
second, whereas the systolic blood velocity in a large artery is some 
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370 mm. per second—19:1. The average velocity of the pulse wave may 
be estimated by measuring the difference in the time of the appearance 
of two pulses, for example, a central and a peripheral pulse, and then 
measuring the distance between the points at which the pulse records 
were taken, The pulses may be recorded by placing receiving cups or 
tambours over the arteries and connecting the receivers with recording 
tambours arranged to write on a rapidly moving surface. A tuning fork 
or other time marker also is arranged to write on the surface. The lever 
of the tambour recording the central pulse will be elevated before the 


Fic. 64—Simultaneous tracings (Marey, 1881) of intraventricular pressure (PV), 
aortic pulse (A), carotid pulse (Ca), and femoral pulse (F) in a horse. The 
vertical lines represent intervals of 0.1 sec. The pulses were recorded mechanically 
and doubtless contain artifacts due to inadequacies of the recording systems. 
Nevertheless they clearly show a number of important features including the lag 
of the pulses. 


one recording the peripheral pulse. The interval between the eleva- 
tions will represent the time required for the pulse wave to travel 
through the arterial system between the two points. Assuming that the 
distance between the points over the arteries is 75 cm. and the time 
required for the pulse to travel the distance is 0.1 second, the average 
velocity of the pulse wave (distance/time) is 75 + 0.1 = 750 cm. = 7.5 
meters per second. 

The pulses may be more accurately recorded by optical tambours 
having little mirrors attached to rubber membranes. A band of light 
is projected onto the mirror, and the movements of the reflected band, 
which correspond to the oscillations of the membrane, are recorded 
on a moving photographic surface. A concave mirror makes unneces- 
sary the use of lenses in the optical system. 
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The pulse may also be recorded by use of a pressure transducer 
whose amplified potentials operate a recording system. 

The velocity of the pulse wave varies in different arteries. It is 
much less in the large central arteries than in the smaller peripheral 
ones. Fair figures for the arteries of man are as follows: arteries near 
the heart, about 3 meters per second; arm arteries, 6 to 8 meters per 
second; leg arteries, as much as 13 meters per second. 

In general, the more rigid the artery the faster the pulse wave 
travels, whereas the more elastic the artery the slower it travels. Dif- 
ferences in arterial elasticity are responsible in part for the differences 
in pulse wave velocity in central and peripheral arteries. In arterio- 
sclerosis the pulse wave may be found to travel at a greater velocity 
than normal, whereas in aneurysm of the aorta it travels at a lower 
velocity. The velocity variations in arteries of different degrees of elas- 
ticity will be clearer when it is considered that the travel of a pressure 
change in a rigid tube is practically instantaneous, whereas in an elastic 
tube appreciable time is required for the transmission of the pressure 
change. 

Length. The length of the pulse wave is very great. It may be 
calculated by multiplying the velocity by the period of the wave, that 
is, the time required for the wave to pass a given point. This time is the 


60 sec./min. 


same as —__—_______, Assuming a velocity of 7 meters per second 
pulse rate/min. 


and a pulse rate of 75 per minute, the length of the pulse wave would 
be 7 m./sec. X 0.8 sec. = 5.6 meters. Evidently the pulse wave reaches 
the most outlying arteries before it disappears at the root of the aorta. 

Form. The form of the pulse is studied by means of graphic meth- 
ods. Several methods of obtaining graphic records of the pulse have 
already been indicated. Another method requires the use of an instru- 
ment known as a sphygmograph. Many kinds of sphygmographs for 
application to man have been devised, and most of them are so con- 
structed that they can be fastened to the arm near the wrist so as to 
give a record of the radial pulse. The impact of the pulse activates a 
small buttonlike structure whose movements are transmitted through 
a system of delicate magnifying levers to a writing point. This traces 
a curve on a piece of paper made to move by clockwork. A time marker 
is usually provided. Mechanical sphygmographs of this kind are not 
now widely used. 

The methods so far described for recording the pulse detect local 
changes in the volume or diameter of the artery. Another method 
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registers the pressure changes occurring inside the vessel. Such records 
arc the same as blood pressure tracings when made with suitable 
manometers. Records of pulse waves are shown in Figs. 65 and 66. 

A record of the arterial pulse may be divided into two fundamental 
parts, systolic and diastolic, which are separated, on the descending 
limb, by a notch. In central pulses this is known as the incisura and 
in peripheral pulses as the dicrotic notch. 

The incisura signals the closure of the aortic valve. It is caused by 
a sudden increase in the capacity of the aorta when the aortic valves, 
upon closure, bulge back somewhat into the relaxing ventricle. The in- 
cisura is followed by one or more oscillations. 

As the incisura passes peripherally as a component of the pulse 
wave, it undergoes modification to form the dicrotic notch of peripheral 
pulses. Factors concerned in bringing about this modification are the 
reflection of waves back from the arterioles because of the increased 
resistance to flow that occurs in this region of the circulation and the 
damping of the incisura in transmission, Small vibrations may precede 
and follow the dicrotic notch. 

The ascending limb of the pulse curve is known as the anacrotic 
limb, the descending the catacrotic. In central pulses a bend or shoulder 
is usually seen on the upper part of the anacrotic limb, but this is nat 
commonly seen in peripheral pulses. The anacrotic bend results from 
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Fic. 65.—Simultaneously recorded pulses from the subclavian (upper) and radial 
(lower) arteries; made by optically recording volumetric changes in the arteries. 
Note the changes in contour from central to peripheral pulse and the delay in 
transmission. The periods of systole and diastole and the phases of systole are 
shown, The different waves are also designated. (From Wiggers, Physiology in 
Health and Disease, ed. 5, Lea and Febiger, 1949.) 
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Fic. 66.—Pulse waves continuously recorded in an intact dog by withdrawal of 
a miniature intravascular manometer from the iliac artery through the entire 
length of the aorta to the carotid artery. Note the differences in the pulse 
waves in the different locations. (From Ellis, Gauer, and Wood, Circulation, 1951, 
3, 390.) 


the distention of a greater zone of the aorta by the ejected blood as the 
pulse wave travels. 

Actually the factors involved in the production of the pulse and 
the change in form which it undergoes as it travels peripherally are 
much more complex than the brief description given here would indi- 
cate. Fuller discussions and detailed analyses may be found elsewhere 
(Wiggers, 1949; Hamilton). 

Palpation. The pulse may be palpated in many of the superficial 
arteries, the ones most accessible varying in the different species. In 
the horse the external maxillary artery is the one commonly used, al- 
though others are accessible. In the cow the same artery, the saphe- 
nous, or the middle coccygeal may be used. In the sheep, goat, dog, and 
cat the femoral artery is the most accessible. In the pig palpation of 
the pulse is difficult or impossible; hence it is customary to count the 
number of heart beats by palpation or auscultation over the cardiac 
region. Palpation of the pulse gives to the experienced examiner valu- 
able information about the heart and circulation. Thus the heart rate, 
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at least the ventricular rate, is usually readily determined. (However, 
premature ventricular beats occurring near the beginning of diastole 
may not eject enough blood to produce a detectable peripheral pulse.) 
Whether the pulse is rhythmic or arrhytlimic is also noted. The ampli- 
tude or size of the pulse can be estimated. The form of the pulse gives 
information about the speed with which the wave rises and falls and 
about the relative duration of the systolic and diastolic phases. A 
rough estimate of the blood pressure can be made by pressing on the 
artery. 
VENOUS PULSE 

The arterial pulse usually disappears at the periphery of the cir- 
culation, When, however, the peripheral resistance is much relaxed, the 
pulse wave may pass across the capillaries, appear in the veins, and so 
constitute a venous pulse. However, the term venous pulse as com- 
monly used has a different meaning from this and refers to a pulsation 
in the large veins near the heart, often visible in some animals over the 
jugular veins in the region of the neck. Among domestic animals it is 
best seen in the ox (dairy cows) for the reason that in this species the 
jugular veins and anterior vena cava are comparatively large (Malk- 
mus). A graphic record of the venous pulse shows a number of waves, 
some positive and some negative (Fig. 67). The first of these, the a 
wave, is positive and is due to atrial contraction, following which there 
is a negative wave due to atrial relaxation. Another positive wave, 
designated the c wave, now occurs. It is attributed (1) to the pulse 
in the underlying carotid artery and to the aortic pulse causing a pres- 
sure change in the large veins and (2) to a positive wave in the atrium 
at the beginning of ventricular systole caused by the bulging of the 
closed A-V valves into this chamber. There now follows another nega- 
tive wave believed to be produced by the downward movement of the 
closed A-V valve and the consequent lengthening of the atrial cavity 
when the papillary muscles shorten in systole. Next comes a third 
positive wave (v) due to the gradual filling of the atrium during ven- 
tricular systole. This wave is followed by a third negative wave 
caused by a fall in pressure in the atrium incident to the discharge of 
its blood into the ventricle when the A-V valve is opened. From this 
discussion it is evident that the jugular veins act as a kind of manom- 
eter showing pressure changes in the right atrium. A record of the 
venous pulse is similar to that of atrial pressure changes. It is also 
obvious that the rate of atrial contraction can be determined from 
the venous pulse. 

The components of the venous pulse described here apply to man. 
There is no doubt, however, that the mechanism of the production of 
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the venous pulse is similar in all normal animals. Sellers and Heming- 
way recorded jugular pulses in dairy cattle as a part of a study of 
arterial and venous pressures in these animals. The usual components 
of the venous pulse could be identified in some of the tracings. Artifacts 
caused by eructation, swallowing, coughing, etc., were troublesome. 


o i i, i 
Fic. 67.—Simultaneous electrocardiogram (lead II) and record of jugular pulse 
of a man. The jugular pulse tracing was made by the use of a crystal microphone 
for receiving the pressure variations and a string galvanometer. Time, 0.1 sec. 
and 0.2 sec. There is a slight lag in the components of the jugular pulse tracing 
in comparison with the electrocardiogram because of the transmission time from 
the heart to the point over the jugular vein at which the pulse was detected. 
(From Miller and White, American Heart Journal, 1941, 21.) 


A tracing of the jugular pulse of a steer made by surface detection of 
the pulse and optical recording is shown in Fig. 68. The a, c, and v 
waves are identified. 

A fuller discussion of the venous pulse, and the literature, may be 
found elsewhere (Lewis, Wiggers). 

Pathological venous pulses may occur. Tricuspid stenosis and tri- 
cuspid insufficiency result in abnormal pressure waves in the great 
veins, Atrial fibrillation and other cardiac irregularities reveal them- 
selves in the venous pulse. 


SHOCK 


This is a complex problem toward the solution of which a great 
deal of work has been done. The study of shock was greatly accelerated 
as a result of World War II and the field continues to be one of active 
research interest. 

Signs of severe shock (in the dog) are: “Extremities cold, skin 
bloodless, peripheral veins collapsed, oral mucous membrane dry and 
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pale, thirst, lack of sensitivity to pain, and central nervous depression 
bordering on coma” (Gregersen). Wiggers (1942) in reviewing the 
shock problem emphasized the circulatory impairment which “steadily 
progresses until it eventuates in a state of irreversible circulatory 
failure.” 
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Fic. 68—Jugular pulse tracing made from a Jersey steer; optically recorded. The 
pulse was received by a little cup fixed to the skin over the jugular vein and was 
transmitted to a capsule covered with a rubber membrane to which a concave 
mirror was attached. The waves (a, c, v) of the venous pulse are shown. Time 
record shows intervals of 0.2 sec. Pulse rate, 69. (From Downie, Photokymo- 
graphic Studies of Regurgitatton and Related Phenomena in the Ruminant, thesis, 
Cornell, 1950.) 


Two principal methods of producing shock have been employed in 
recent experiments: trauma and hemorrhage. Some of the forms of 
trauma that have been used (under anesthesia) are a tourniquet ap- 
plied to one or more extremities and later released, crushing, compres- 
sion, musele contusion, and injury to intestinal loops. In unanesthetized 
dogs a massive hemorrhage which reduces the blood volume some 40 to 
50 per cent will result in severe shock. Hemodynamic changes follow- 
ing severe hemorrhage are shown in Fig. 69. Circulatory reactions of 
dogs to hemorrhage, the role of vasoconstriction in the response to 
hemorrhage, and vasconstriction as a factor in the onset of traumatic 
shock have been studied by Remington and co-workers. 

Studies continue to be made in an effort to find a toxic factor in 
shock. Some of the toxic substances that may be involved or that have 
been used in these experiments are histamine, continuous injections of 
adrenaline, peptone, bacterial toxins, tissue extracts, and blood from 
shocked animals. 

Stimulation of afferent nerves has not been shown to result in shock 
except in rabbits, in which long-continued stimulation of the aortic 
nerves leads to death from circulatory failure. It is possible, however, 
that an afferent nervous factor is involved in some forms of shock. 

The primary factor in the cause of common types of shock (trau- 
matic and hemorrhagic) appears to be a large reduction of blood 
volume, This occurs at the time of injury even in traumatic shock. 
It was formerly believed that in traumatic shock increased capillary 
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_Jeakage accounted for the reduction in blood volume, but this view 
is no longer held. Work in recent years has revealed that in traumatic 
shock the reduction in blood volume occurs as a result of fluid loss 
into the damaged area at the time of injury and not gradually as a 
result of generalized capillary leakage. 

_ If the progressive circulatory failure which characterizes shock is 
not due to a progressive decrease in blood volume, it is proper to in- 
quire where the physiological defect occurs. It is the cardiovascular 
apparatus that fails. At the time of the trauma and blood loss, the 
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Fic. 69.—Circulatory changes (in a dog) following a reduction of blood volume 
by about 40 per cent by hemorrhage for 10 minutes. Compensation, impending 
shock, and irreversible shock then follow. The reduction in blood volume and 
effective atrial (venous) pressure as a result of hemorrhage cause the cardiac 
output to decrease. This is responsible for the fall in blood pressure and the 
changes in form of the pressure pulses. During compensation some vasoconstric- 
tion, together with contraction of the spleen and the passage of tissue fluid into 
the blood, occurs. The partial recovery of arterial pressure during compensation 
is caused principally by an improvement in cardiac output. During impending 
shock blood progressively pools in the capillaries, with the result that venous 
return, cardiac output, and arterial pressure decline. During irreversible shock, 
these changes worsen and the myocardium is adversely affected. Although venous 
pressure rises somewhat, cardiac output declines. (From Wiggers, Physiology in 
Health and Disease, ed. 5, Lea and Febiger, 1949.) 
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recording system, and the recording lever rises, whereas a decrease 
in volume causes air to flow from the recording system into the plethys- 
mograph and the lever falls. In this way a graphic record of volume 
changes can be obtained. Optical records, instead of mechanical rec- 
ords, of the volume changes may be made. Electrica] detection of the 
volume changes may also be used. Special kinds of plethysmographs 
have been devised for the various organs. 

Color changes, where they can be detected, temperature changes, 
and the rate of venous flow from organs are other means of determin- 
ing vasomotor action. If cardiac output remains constant and vaso- 
motor changes are excluded in other organs, arterial flow, as measured, 
for example, by the thermostromuhr (p. 165), may be used to signal 
vasomotor action. 


NERVOUS CONTROL OF THE ARTERIOLES 


The existence of nerves controlling the arterioles has long been | 
recognized. They are the classical vasomotor nerves. They could be | 
designated as arteriomotor nerves. 

Vasoconstrictor Nerves. The vasomotor nerves are two kinds, ` 
vasoconstrictors and vasodilators, A vasoconstrictor nerve is one which, 
when stimulated, causes constriction of the arterioles in the part sup- 
plied. The following experiment may be cited as illustrative of vaso- 
constriction. 

If the cervical sympathetic nerve in the rabbit is divided, there 
occurs in a short time a homolateral dilatation of the arteries in the 
region of the head. This is especially noticeable in the arteries of the 
ear. These vessels are now widely dilated, the ear has a flushed appear- 
ance, and its temperature is elevated. If the cephalic end of the cut 
nerve is stimulated, the arteries contract again, and the ear becomes 
pale and cold, Similar events occur in the submaxillary gland when 
the cervical sympathetic nerve is cut and its cephalic end stimulated. 
Evidently this nerve supplies constrictor fibers to the arterioles of 
certain parts of the head. When the nerve is transected, the constrictor 
influence is removed, the arterioles dilate, and the blood flow through 
the part is increased. When the nerve is stimulated, the arterioles con- 
tract, and the blood flow is decreased. Another conclusion that may be 
drawn from this experiment is that the vasoconstrictor nerves and the 
arterioles which they supply are normally in a state of tonus. The 
tonus of the arterioles is diminished or abolished when the nerves are 
cut; hence the vasodilatation. Tonus of the arterioles refers to a con- 
dition whereby their muscular coat is kept in a state of partial contrac- 
tion, which is of varying intensity and is due largely to the continuous 
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passage of nerve impulses to them by way of the vasoconstrictor nerves. 
It is well known, however, that tonus of the blood vessels may be due 
to humoral stimuli as well as nervous, for tonus that has been abolished 
py section of a vasoconstrictor nerve will reappear after a time, as 
indicated by a return of the blood pressure to normal. In fact, after 
removal of the entire sympathetic chain—and hence the abolition of 
practically all the constrictor pathways—the blood pressure will re- 
turn to normal. It is believed that increased “capillary” (p. 156) tonus 
is a factor in the restoration of the blood pressure. Possible humoral 
agents concerned in the restoration of vascular tone are adrenaline and 
angiotonin. Also the inherent ability of smooth muscle to contract when 
stretched (in this case by the pulse pressure) must be taken into 
account, 

The vasodilatation following cutting of the cervical sympathetic and 
the vasoconstriction following stimulation of its cephalic end, in the 
experiment just mentioned, do not involve a sufficiently large area of 
the total peripheral resistance to cause any general alteration in ar- 
terial pressure. To show the influence of the vasoconstrictor nerves 
on general blood pressure, the splanchnic nerves may be cut on both 
sides. These nerves supply vasoconstrictor fibers to the abdominal and 
pelvic viscera (splanchnic area), and when they are cut there is a 
marked fall in the mean arterial pressure throughout the body. This is 
due to a decreased peripheral resistance (especially in the arterioles) 
and to an increased capacity of the circulation (especially in the capil- 
laries). If a splanchnic nerve is now stimulated, the blood pressure 
returns to normal or above and remains high as long as the stimulus 
is maintained (Fig. 70). At the same time the volume of the viscera, 
which has increased because of cutting the nerves, returns to normal or 
even less than normal. From this experiment it may be concluded that 
the vasoconstrictor nerves play a predominant part, particularly in the 
splanchnic area, in the maintenance of general arterial pressure. 

Origin and Distribution of the Vasoconstrictor Nerve Fibers. 
It has been shown that most of the vasoconstrictor fibers emanate 
from the central nervous system as preganglionic fibers in the white 
rami communicantes of the sympathetic system. The white rami leave 
the ventral roots of the spinal nerves at every spinal segment from the 
- first thoracic to the fourth lumbar, inclusive (in the dog). Every white 
ramus contains preganglionic vasoconstrictor fibers, which upon enter- 
ing the neighboring sympathetic chain pass up or down, depending 
on their destination. Each fiber finally terminates synaptically around 
a nerve cell in a lateral (vertebral) sympathetic ganglion, or leaves 
the sympathetic chain and terminates in a similar way in a collateral 
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(prevertebral) sympathetic ganglion. From the ganglionic nerve cell a 
postganglionic fiber arises and passes to its destination. 

The preganglionic vasoconstrictor fibers for the forelimbs are given 
off from the fourth to ninth thoracic ventral roots; those for the hind 
limbs, from the eleventh thoracic to the third lumbar, inclusive. The 
_ synaptic junctions of the forelimb fibers are situated in the stellate 
ganglion; those of the hind-limb fibers, in the last two lumbar and 
first sacral sympathetic ganglia. 

The preganglionic vasoconstrictor fibers to the head and neck arise 
from the first to fourth thoracic ventral roots and pass up the cervical 

_sympathetic nerve as preganglionic fibers to the anterior cervical 


Fic. 70.—Effect of stimulation of the peripheral end of a splanchnic nerve on 
blood pressure (pig). The signal (s) indicates the duration of the stimulus.. 


ganglion, where they terminate. From nerve cells in this ganglion post- 
ganglionic fibers arise and run to their destination via the outer coat 
of the blood vessels. 

The preganglionic vasoconstrictor fibers to the abdominal and pelvic 
viscera arise from the third thoracic to the third lumbar ventral roots 
and enter the neighboring sympathetic chain. The thoracic fibers leave 
it by the greater splanchnic nerves, the lumbar fibers by the lesser 
splanchnics. They make synaptic junction in the prevertebral sym- 
pathetic ganglia (celiac, anterior mesenteric, posterior mesenteric), 
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from which postganglionic fibers arise and pass along the blood ves- 
sels to the anterioles of the abdominal and pelvic viscera. 

The existence of vasoconstrictor nerves to the lungs was for a 
long time questioned. It is now generally agreed that the lungs receive 
vasoconstrictor fibers, the main evidence being based on the fact that 
adrenaline undoubtedly constricts the arteries of the lungs. It is usually 
believed, however, that the vasoconstrictor mechanism in the lungs is 
not highly developed (Dixon and Hoyle, Wiggers). The fibers arise 
mainly from the third, fourth, and fifth thoracic ventral roots. The 
vasomotor nerves to the lungs are believed to be concerned more with 
the regulation of the capacity of the pulmonary vascular bed than with 
the regulation of pulmonary peripheral resistance. 

For the vasomotor supply of the coronary arteries, see p. 123. 

The cerebral circulation is dependent mainly upon general blood 
pressure. However, modern work (Wolff; Cobb and Lennox) shows 
unmistakably that the cerebral blood vessels receive both vasoconstric- 
tor and vasodilator fibers and that these play a part in regulating 
cerebral blood flow. 

Vasoconstrictor nerves to skeletal muscles have been demonstrated. 

Vasodilator Nerves. A vasodilator nerve is one whose stimulation 
causes dilatation of the arterioles in the part supplied, owing to re- 
laxation of their muscular coats. It is probable that chemical sub- 
stances released at the nerve terminations cause a decerease in the 
tonus of the arterioles. The following experiment on the submaxillary 
gland may be cited as an example of vasodilatation. When the chorda 
tympani nerve is cut, nothing in particular happens; but when the end 
in connection with the submaxillary gland is stimulated, vasodilatation 
occurs, which may be so pronounced that the venous blood leaving the 
gland has an arterial color and may pulsate. The general blood pressure 
remains unaffected. From this experiment it may be concluded (1) that 
the chorda tympani contains fibers whose function is to dilate the 
arterioles of the submaxillary gland, thus increasing the volume of 
blood flowing through it, and (2) that these fibers are not in a state 
of tonus, because when they are transected no constriction of the ves- 
sels takes place, that is, no tonic dilator influence has been removed. 
(However, dorsal root vasodilator nerve fibers are probably tonically 
active.) 

Origin and Distribution of the Vasodilator Nerves. The arrange- 
ment of the vasodilator nerve fibers is different from that of the vaso- 
constrictors. Irregularity characterizes the arrangement of the former, 
whereas much more uniformity characterizes the arrangement of the 
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latter. In general, as regards their anatomical arrangement vasodilator 
fibers can be grouped under three headings: (1) those distributed 
through cranial and sacral autonomic nerves; (2) those that leave the 
central nervous system in the dorsal roots of the spinal nerves; and 
(3) those that run in the sympathetic system. 

1. The best example of a cranial autonomic vasodilator nerve is the 
chorda tympani, stimulation of which, as has been stated, causes dilata- 
tion of the arterioles in the submaxillary gland. Vasodilator fibers are 
also found in the nerves supplying the other salivary glands and pos- 
sibly the tongue and certain other head structures. Similar fibers are 
given off from the spinal cord in the ventral roots of the second and 
third sacral nerves. They run in the pelvic autonomic nerves (nervi 
erigentes) to the blood vessels of the external genital organs. Stimula- 
tion of these fibers causes vasodilatation in these organs, and in the 
male the vascular engorgement of the penis results in erection. In all 
instances where vasodilator fibers have cranial or sacral autonomic 
distribution, their periphera] synaptic junctions are believed to be 
located close to or within the organ supplied. 

2. Vasodilator fibers in the dorsal roots of some of the spinal nerves 
have been demonstrated by Bayliss and others. When the dorsal roots 
of the limb plexuses are stimulated, vasodilatation, mainly in the skin 
but to some extent in the muscles of the limbs, is obtained. The same 
thing happens when the mixed nerves to these parts are stimulated. 
The fibers that bring about this result are believed to be identical with 
the ordinary sensory fibers of the limbs, One of the fundamental con- 
ceptions regarding the conduction of the nerve impulse is that it is in 
one direction only. Vasodilatation brought about by afferent nerves 
would, if it actually occurs under norma] conditions, constitute an im- 
portant exception to the general rule. A possible explanation of this 
peculiarity (Bayliss) is that the dorsal root fibers divide near their 
peripheral ends, one branch ending in a receptor in the skin or muscle 
and the other in the wall of a nearby arteriole. Therefore an impulse 
traveling along the fiber in the direction opposite to the usual would 
cause vasodilatation only. Such an impulse, because of its direction of 
travel, is said to be antidromic. 

Of interest at this time is the fact that the application of an irritant 
to the skin causes vasodilatation, which is abolished when the cutaneous 
receptors are paralyzed by a local anesthetic. That this effect is not 
due to a true reflex is indicated by the observation that it still takes 
place when the nerves have been completely separated from the spinal 
cord. That a sensory nerve fiber and a branch from this fiber to the 
blood vessel are involved in this reaction is indicated by the fact that 
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when the nerve fibers are caused to degenerate (by separating them 
from their cells of origin in the dorsal root ganglia), vasodilatation 
does not occur when the irritant is applied to the skin (Bruce). The 
accompanying diagram (Fig. 71) shows a nervous arrangement that 
could be involved in this “axon reflex.” 

To what extent normal vasodilatation in the skin and muscles may 
be brought about by antidromic impulses and to what extent they may 
be brought about by a peripheral mechanism such as that just de- 
scribed cannot be stated at present. It is probable that both mecha- 
nisms can operate under normal conditions. Assuming that reflex 
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Fig. 71—Diagram illustrating how local vasodilatation could be brought about as 
a result of the application of an irritant to the skin. S, skin; B.V., blood vessel; 
N.F., afferent (sensory) nerve fiber, part of which supplies the skin and part a 
blood vessel. The arrows indicate the direction of passage of the nerve impulse 
when the skin is irritated. 


antidromic vasodilatation is a normal occurrence, it is not clear how 
the afferent fibers are stimulated to conduct nerve impulses in the 
opposite direction. A suggestion is that nerve fibers leave the spinal 
cord by the dorsal roots and make synaptic junction with nerve cells 
of the dorsal root ganglia. Experimental evidence indicates that the 
dorsal root vasodilator fibers are cholinergic (Bach). 

3. Although Bayliss was of the opinion that practically all experi- 
ments showing vasodilatation upon stimulation of sympathetic nerves 
could be explained by the action of metabolites or by antidromic 
effects, more recent work points to the presence of true vasodilator 
fibers in the sympathetic system. The subject of sympathetic vaso- 
dilator fibers has been reviewed by Burn. The dog and hare—animals 
resistant to fatigue—have many sympathetic vasodilator fibers to the 
muscles. They are cholinergic, at least in the dog. The rabbit and 
monkey have none. The cat has cholinergic sympathetic vasodilator 
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fibers to the muscles, and they can be activated by electrical stimula- 
tion of an area in the hypothalamus (Folkow and Gernandt). The dog 
has some sympathetic vasodilator fibers to the intestine. They are 
believed to be adrenergic. The coronary arteries receive sympathetic, 
vasodilator fibers. They are adrenergic (p. 123). Sympathetic vasodila-. = 
tor fibers to the skin have been demonstrated, but they are less im- , 
portant than sympathetic vasoconstrictor fibers to the skin. i 

Vasomotor Centers. It has already been stated that most vaso- `: 
constrictor fibers leave the spinal cord in a definite region—the out- 
flow that forms the sympathetic system; whereas the vasodilator fibers - 
are more irregular in origin. The question now to be discussed deals 
with the central origins of the vasoconstrictor and vasodilator paths, 
the vasomotor centers. 

Vasoconstrictor Center. Section of the brain-stem above the middle 
of the pons is usually without effect on blood pressure, except perhaps 
in birds (pigeons—Rogers), whereas successive slicings beginning at 
the middle of the pons and continued downward cause a progressive 
drop in pressure until the upper part of the spinal cord is reached. 
Thence further slicing is without effect. This experiment is interpreted 
to mean that there is a vasoconstrictor center, with upper and lower 
limits approximately as indicated, and that the center constantly 
sends tonic constrictor impulses to the arterioles. Ranson states that 
the center is “located in the medulla oblongata at about the level of the 
motor nucleus of the facial nerve.” Other evidence places the center in 
or near the vestibular nuclei. It is a bilateral center. The vasomotor 
paths descend in the lateral funiculus of the spinal cord. 

The tonus of the vasoconstrictor center (and therefore of the pe- 
ripheral arterioles) is due to at least two sets of influences: (1) the 
action of the blood gases, mainly the carbon dioxide, and also perhaps 
the increased hydrogen ion concentration that an increased amount of 
carbon dioxide induces; and (2) the continuous stimulation of the 
center by afferent impulses. The cause of the tonus of the center is thus 
in part humoral and in part reflex. Both of these factors are subject 
to variation. By virtue of this tonus the center sends never-ending 
though variable trains of impulses to the arterioles, maintaining them 
in a state of partial contraction. 

Subsidiary vasoconstrictor centers exist in the spinal cord. These 
are normally under the influence of the vasoconstrictor center in the 
medulla. That this is true is indicated by the fact that section of the 
cord in the cervical region results in a sudden and distinct fall of 
blood pressure; the blood vessels are thus cut off from the medullary 
center and therefore dilate. However, after some time the blood pres- 
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sure rises. The principal reason for this is the acquisition of tonic 
activity by the spinal centers. If the splanchnic nerves are now tran- 
sected the blood pressure falls again. This fall is partially recovered 
from because of the development of a peripheral vascular tonus. 

Vasodilator Center. Stimulation of the aortic nerve causes a fall 
of blood pressure not only by decreasing the tone of the vasoconstric- 
tor center but also by causing active vasodilatation in widely separated 
parts of the body. Such diffuse dilatation can best be explained by 
assuming the existence of a supreme vasodilator center, the activity 
of which is increased by the stimulation. 

The vasodilator center, like the vasoconstrictor, is activated by 


afferent nerve impulses and also probably by changes in the composi- .- 


tion of the blood. The vasodilator center is involved in the general 
vasodilator reflexes, that is, those vasodilator reflexes that cause a fall 
in blood pressure. There is an accompanying reciprocal inhibition of 
the vasoconstrictor center. Some vasodilator reflexes are local, the 
resulting vasodilatation occurring only in the region from which the 
stimulus arises. In these cases there is no fall of general blood pressure. 
General vasodilator reflexes probably involve the dorsal root vaso- 
dilator fibers. 

Vasomotor Reflexes. It was stated above that the vasomotor cen- _ 

. ters are susceptible to reflex control. This is one of the important ways 
of varying their activity. 

Pressor Reflexes. Most afferent nerves contain fibers whose stimula- 
tion causes a reflex rise in blood pressure. Such fibers are designated as 
pressor fibers, and the rise in arterial pressure that their stimulation 
brings about (Fig. 72) is called a pressor reflex. Pressor fibers are more 

` susceptible to strong stimulation than to weak. These pressor reflexes — 
probably involve not only the vasoconstrictor center but the vaso- 


dilator as well, the tonus of the one being increased and of the other ; - 


decreased. 

Nerve impulses which give rise to pressor reflexes ascend the spinal 
cord in the dorsolateral fasciculus (Fig. 177, p. 743). Pressor fibers may - 
be identical with certain types of pain fibers. 

Depressor Reflexes. Under certain conditions of stimulation of the 
central end of an ordinary nerve, a reflex fall in arterial pressure may 
be obtained (Fig. 73). Such a reflex is designated as a depressor reflex. 
Some of the conditions are (1) weak stimulation of the nerve; (2) 
stimulation of the nerve cooled to 4 or 5°C.; (3) mechanical stimula- 
tion of afferent nerves in muscles. It may be concluded, therefore, that 
depressor fibers are contained in many of the nerves of the body. They 
connect with interneurons in the spinal cord which reach the medulla. 
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The depressor reflexes are due to inhibition of the vasoconstrictor 


center and stimulation of the vasodilator center. 

A depressor nerve of great importance is the aortic nerve (p. 137). 
This nerve is composed chiefly of afferent fibers with terminations in 
the wall of the aorta. It runs to the medulla oblongata as a separate 
nerve in the rabbit and opossum but is incorporated with the vagus in 
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Fic. 72.—Effect of stimulation of central end of vagus nerve on blood pressure— 
~ pressor reflex (pig.). The signal (s) indicates the duration of the stimulus. 


most animals. Stimulation of its central end usually causes a fall in 
blood pressure (Fig. 74) due to reflex vasodilatation in all parts of the 
body supplied with vasomotor nerves. Reflex slowing of the heart also 
occurs. It has been shown that this depressor reflex is due to an in- 
hibition of the vasoconstrictor center and a stimulation of the vaso- 
dilator center. The aortic nerve protects the heart against too high a 
rise of arterial pressure. At every beat of the heart the blood pressure 
rises, and pressure receptors (baroceptors) in the aorta are mechani- 
cally stimulated as a result of the stretching of its wall; whereupon 
impulses pass to the chief vasoconstrictor and vasodilator centers in 
the medulla, inhibiting the one and stimulating the other. In this way 
the peripheral resistance and the aortic blood pressure are co-ordinated. 
In close functional relation with the aortic nerve are afferent nerve 
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Fig. 73.—Effect of weak stimulation of central end of sciatic nerve on blood 
pressure—depressor reflex (dog). 1—1 indicates the duration of the stimulus. 


fibers with receptors in the carotid sinus. These fibers form the sinus 
nerve (p. 138). Stimulation of pressure receptors in the wall of the 
carotid sinus causes a reflex fall of blood pressure through the vaso- 
motor centers. Cardiac slowing also often occurs. The mechanism is 
tonic in action, and the number of nerve impulses passing from the 
receptors in the sinus to the central nervous system depends upon the 
intrasinusal pressure (Fig. 75). 

Other Effects on the Vasomotor Centers. There is a great deal 
of evidence that the hypothalamus can influence the activity of the 
heart and blood vessels (Bronk, 1940). However, the hypothalamus is 
not essential to cardiovascular regulation. Centers in the medulla suf- 
fice. This is indicated by the fact that cardiovascular regulation is 
satisfactory in the decerebrate animal. The hypothalamus exerts its 
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Fic. 74—Effect of stimulation of the central end of the aortic nerve on blood 
pressure (rabbit). The signal (s) indicates the time and duration of the stimulus. 


effect on the cardiovascular apparatus through the medullary centers. 
Hypothalamic control of the cardiovascular centers in the medulla is 
probably concerned primarily with heat regulation and emotional 
states. 

The vasomotor mechanisms may be brought under the control of 
the cerebral cortex. Electrical stimulation of the motor and premotor 
areas of the cerebral cortex brings about vasomotor changes in various 
parts of the body. It is suggested that in this way the increased blood 
supply to muscles brought into action by the cerebral cortex may be 
anticipated (Green and Hoff). 

Stimuli from the skin (heat, cold, pain) may cause vasomotor 


